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Abstract
Determinations of whole-rock ages on argillaceous sedi-
ments by the Rubidium-Strontium method are subject to large
errors introduced by the presence of inherited radiogenic
Strontium 87 in detrital mineral phases. If it is assumed
that marine shales contain rubidium of both detrital and
authigenic origin; that the detrital component is uniform
for all samples with respect to Rb/Sr ratio and Sr isotopic
composition; and that unmetamorphosed whole-rock shales
represent a closed chemical system dating from the time of
deposition; then a rough correction for measured whole rock
ages, of the form
Srl(R0 - RO)t - T = A2RA Rb
may be applied. Here t is the measured whole-rock age, T
is the actual elapsed time since deposition Rb is the Rb8 7
concentration in each sample, R0 is the Sr8 7/Sr8 6 in sea
water at the time of deposition, and Sr and R0 are the
amount and Sr 87 /Sr ratio of strontium in the detrital
phases. The parameter Rb may be determined directly for
each sample, R may be determined from stratigraphically
equivalent, Rb-free limestones, and rough average estimates
of Sr and RY may be obtained from the data for a large
numbef of samples.
This approach was tested with twenty samples of shales
from the Hamilton Group (Middle Devonian) of New York and
Pennsylvania. The age determined in the above manner was
354 + 31 million years, in reasonable agreement with pub-
lished dates for the Devonian.
The most important potential sources of error are the
difficulty of obtaining precise empirical estimates of the
parameters, and the probable departure of actual rocks from
the ideal case represented by the assumptions stated.
Five samples of the Ohio-Chattanooga Shale (Upper Devonian)
from Kentucky are found to fit the proposed model but are
inadequate for the calculation of an age.
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Limestg es associated with the Hamilton Group shales
have a Sro /Sr8 6 ratio of 0.7089 + 0.0009, which is
significantly lower than that of other measured Paleozoic
limestones. This difference is probably due to a young
or Rubidium-poor source of dissolved strontium, and to
conditions of restricted circulation in the basin of de-
position.
Coarse fractions (+5 micron particle diameter) were
separated from four of the Hamiltgn samples and analysed
separately for Rb/Sr ratio and Sr 7 /Sr8b ratio. The re-
sults showed no significant difference in apparent age be-
tween the coarse fractions and the whole-rock samples from
which they were separated.
Rubidium and strontium in all samples were determined
by isotope dilution techniques, using a solid-source mass
spectrometer. Strontium isotope ratios were also determined
by solid-source mass spectrometry.
Thesis Supervisor: Patrick M. Hurley
Title: Professor of Geology
iii
Acknowledgements
The possibility of obtaining Rubidium-strontium ages
for sediments from corrected whole-rock data was suggested
to me by Professor P. M. Hurley, who has been my thesis
supervisor during this work, and whose advice and support
have been invaluable. Sincere thanks are also due to
Professors W. H. Pinson, Jr., H. W. Fairbairn, and E. Mencher
whose help was also indispensable.
Particular thanks are also due to Dr. Gunter Faure, who
taught me the techniques of mass spectrometry, and whose
interest and advice greatly aided this investigation.
I also wish to thank Doctors Stephen Moorbath and James
Powell, Messrs. Michael Bottino, Douglas Brookins and
Eugene Perry and Miss Erna Beiser for their assistance and
helpful discussions during the course of the work.
Professor R. G. Sutton of the University of Rochester and
Dr. L. V. Richard of the New York State Museum contributed
helpful advice during my collecting trip. Professor H. B.
Whittington of Harvard University, Dr. A. W. Socolow and
Mr. R. V. Conlin of the Pennsylvania Geological Survey, and
Mr. Preston McGrain of the Kentucky Geological Survey contri-
buted samples for which I am very grateful.
Lastly I would like to thank my wife Marjorie for her in-
terest and encouragement throughout the course of this work.
Table of Contents
Abstract
Acknowledgements iii
Table of Contents iv
List of Tables vii
List of Figures viii
Part I Whole-rock Rb/Sr age determinations for shales and
the problem of inherited radiogenic strontium
Abstract 1
Acknowledgements 3
Earlier Investigations 4
Theory 5
Assumptions 6
Rb and Sr in Shales 6
Development of Model 7
Analytical Procedures 11
Reproducibility and Error 12
Normalization Correction 13
Estimation of Model Parameters 13
Analytical Data 14
Age Calculations 18
Discussion of Assumptions 19
Comparison with Published Ages 20
Variation in Apparent Age With Particle 22
size
Conclusions 24
References 25
Part II
Chapter I Introduction and Literature Survey
Previous Work in Sedimentary Geochronology 31
General 31
Sylvites 32
Feldspars 32
Glauconites 33
Shales (Whole Rock) 33
Shales (Sized Fractions) 34
Outline and Purpose of This Work 37
Chapter II A Hypothetical Model for the Rb-Sr Geochronology
of Sediments
General Development 39
Development of the Model 41
Alternative Correction to Apparent Age 48
Chapter III Analytical Procedures
Mechanical Preparation of Samples 51
Chemical Preparations 51
Cleaning of Laboratory Ware 51
Reagents 52
Preparation of Samples for Isotope
Ratio Analyses 53
Preparation of Samples for Isotope
Dilution Analyses 55
Mass Spectrometry 56
Description of Instrument 56
Method of Mounting Samples 58
Procedure for Sr Isotope Ratio Runs 60
Procedure for Sr Isotope Dilution Runs 62
Procedure for Rb Isotope Dilution Runs 62
Preparation of Coarse Fractions 63
Chapter IV Precision and Accuracy of Measure-
ments
Isotope Ratio Analyses 65
Measurement and Calculation 65
Normalization 66
Standardization 71
Sources of Error 74
Estimation of Reproducibility 77
Isotope Dilution Analyses 81
Composition and Concentration of
Isotopic Spikes 81
Calculations 84
Blank Determinations 85
Estimation of Reproducibility 87
Sources of Error 89
Chapter V Rubidium and Strontium in Argil-
laceous Sediments
Rubidium 90
Detrital Rb 90
Fixed Rb 90
Adsorbed and Occluded Rb 92
Analyses for Rb in Sediments 92
Strontium 96
Detrital Sr 97
Adsorbed Sr 97
Sr in Carbonate Phases 99
Analyses for Sr in Sediments 101
Summary 102
vi
Chapter VI Geology and Geochronology of the
Hamilton Group
Geology of the Hamilton Group 105
Geochronological Data 108
Age Calculations 109
Whole Rock Ages 110
Model Age Correction 114
Estimation of Parameters 114
Calculation of Correction 115
Discussion of Assumptions 117
Conclusions 121
Comparison with Other Age Determina-
tions 121
+ 5 Micron Size Fractions 122
Analytical Data 123
"Detrital" Age Correction 124
Sample R4742-D4742 . 129
Chapter VII Ohio-Chattanooga Shale
Introduction 132
Geology 132
Analytical Data 134
Discussion 137
Summary 138
Chapter VIII Limestone Measurements
Introduction 139
Analytical Data 140
Comparison with Other Isotopic Data
on Paleozoic Limestones 142
Discussion 143
"Common Strontium" Age Method 144
Chapter IX Summary
Conclusion 146
Suggestions for Future Research 149
Modified Procedure for Use of Model 149
Whole-Rock Ages for Ancient Rocks 150
Shales Associated with Evaporites 151
Limestones 151
Chapter X
Sample Descriptions 153
Chapter XI
Bibliography 156
Biographical Sketch 164
vii
List of Tables
Part I
Table,
I.
II.
IV.
V.
VI.
Part II
Table
Comparison of Results of Analyses on
Eimer and Amend SrCO 3 Reagent
Analytical Data for Hamilton Shales
Erian Limestone Data
Published Devonian Ages
Analyses of +5 Micron Fractions
Apparent Ages of Coarse Fractions
lA Previous Work in Sedimentary Geochronolog
1B Dependence of K/A Age on Particle Size
4A Sr8 6 /Sr88 Ratios in Reagents and Natural
Materials
4B Isotopic Composition of Strontium in
SrC03 Reagent, Eimer and Amend Lot
#492327
4C Comparison of Results on Eimer and
Amend SrC03 Reagent
4D Replicate Isotope Ratio Determinations
4E Isotopic Abundances in Spike Solutions
4F Concentrations of Rb and Sr Spikes
4G Rb and Sr Blank Determinations
4H Replicate Isotope Dilution Analyses
41 Standard Deviations of Rb and Sr'Analyses
5A Rubidium in Argillaceous Sediments
5B Rubidium in Hamilton Shales
Page
12
15
16
21
22
23
Page
y 31
35
68
72
73
78
81
82
86
87
88
94
96
viii
Part II (Cont'd.)
Table
5C Base Exchange Capacities of Some Clay
Minerals
5D Leaching Experiment on Shales
5E Strontium in Argillaceous Sediments
6A Statistical Formulae Used in Age Cal-
culations
6B Whole-Rock Hamilton Shale Data
6C Computation of Mean Age Correction
6D Published Devonian Ages
6E Analysis of +5 i Fractions
6F Comparison of Coarse Fractions and
Whole Rocks
6G Data for Three Samples from the Same
Outcrop
6H Estimated Data for -5iL Fines
61 Sample R4742-D4742
7A Ohio-Chattanooga Shale
8A Erian Limestone Data
8B Sr Isotopic Composition of Paleozoic
Limestones
Page
100
101
109
111
116
121
123
123
126
127
129
135
140
142
List of Figures
Figure
Part I
Illustration of Model
Hamilton Shale Data
Part II
2.1 Schematic Illustration of Plot of
Isotope Ratios Vs-Tim3
10
18
44
-I
ix
List of Figures (Cont'd.)
Figure Page
Part II (Cont'd.)
2.2 Schematic Illustration of Plot of
Sr 8 7 /Sr 8 6 Vs. Rb8 7 /Sr 8 6  44
2.3 Illustration of Model 45
4.1 Histogram of Sr86/Sr88 Ratios for
68 Analyses 69
6.1 Hamilton Shale Data 112
6.2 Illustration of Detrital Correction 128
7.1 Ohio-Chattanooga Shale 136
PART I
(Intended for Publication)
- 1 -
Whole-Rock Rb/Sr Age Determinations for Shales
and the Problem of Inherited Radiogenic Strontium
by
P. R. Whitney and P. M. Hurley
Abstract
If it is assumed that unmetamorphosed argillaceous sedi-
ments represent a chemical system closed to Rubidium and
Strontium since the time of deposition, then whole-rock
Rb/Sr age determinations for shales will give results in
excess of the true age by varying amounts due to the pre-
sence of inherited radiogenic strontium. Given a suffi-
cient number of samples of a given shale formation, and
the assumption that the amount of inherited radiogenic
Sr is roughly uniform for all samples, an empirical cor-
rection to the measured age may be applied. This approach
was tested for twenty samples of shale from the Hamilton
Group (Middle Devonian, New York and Pennsylvania). Only
one sample of the twenty was found to be obviously in-
compatible with the necessary assumptions. The remaining
19 gave an average corrected age of 354 + 31 million years,
in reasonable agreement with other published Devonian ages.
Analysis of a coarse-grained fraction (+ 5 microns
particle diameter) showed no significant difference in
apparent age with particle size, in contrast to published
results for K/A determinations on shales.
02W
Note: Throughout this work the value of the Rubidium 87
decay constant ( X Rb87) of 1.47 X 10~11 years 1, ob-
tained by Flynn and Glendenin (1959) and discussed by
Glendenin (1961) is used in preference to the value of
1.39 X 10~11 years reported by Aldrich et al. (1956),
unless otherwise noted.
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Earlier Investigations. Previous work in sedimentary geo-
chronology has been characterized by uncertain results due
to a complexity of sources of error. With the exception
of work by Inghram et al. (1950), Gentner et al (1954) and
Lipson (1958) on sylvites, and by Wasserburg et al. (1950)
on authigenic feldspars, the focus of attention has been
mainly on glauconites, and on whole-rock shales and separated
fractions thereof.
The work on glauconites, by both potassium-argon and
rubidium-strontium techniques (Wasserburg et al 1956,
Cormier 1956, Lipson 1958, Herzog et al. 1958, Goldich et al.
1959, Hurley et al. 1960, Evernden et al. 1961a, Polevaya
et al. 1961) has been characterized by apparent absolute age
results which are low with respect to the time scales as
determined by measurement on igneous rocks and minerals. The
apparent deficiencies are usually on the order of 10-20% of
the total age (Hurley et al, 1960). The major factor contri-
buting to this deficiency is believed to be loss of radio-
genic argon and strontium due to diagenetic modifications
(see discussion by Hower, 1961) and to diffusion upon deep
burial and heating (Amirkhanov et al 1957, Evernden et al
1961b). Minor amounts of inherited radiogenic argon and
strontium may counteract this effect to some extent (Hurley
et al. 1960).
In determinations using bulk samples of ancient and modern
argillaceous sediments, and mineral separates therefrom
(Goldich et al. 1959, Hurley et al. 1961a,b; 1962 a,b)
TF -.5-
Evernden et at. 1961a, Krylov 1961, Hower et al. 1962,
Bailey et al. 1962) the same factors are present, with in-
herited radiogenic material playing a more significant role.
In work on graded size fractions, Evernden et al. (1961a)
and Hower et al. (1962) find a general dependence of apparent
age upon particle size, which may be due to either a larger
percentage of truly authigenic material in the fines, or a
greater probability of loss of radiogenic daughter atoms
from the smaller particles.
Bailey et al. (1962) also report a variation of apparent
age in the various polymorphic forms of illite, the dominant
K and Rb-bearing mineral in argillaceous sediments. In
particular, the high temperature 2M polymorph, of definitely
detrital origin, as a rule shows higher apparent ages than
the 1M and 1Md illites and mixed-layer illite/mortmorillonites
of partly detrital and partly authigenic origin.
The following is a report of an investigation to determine
apparent ages on samples of bulk shale by the Rb/Sr method,
and to devise a correction for the effect of inherited radio-
genic strontium. This approach is taken for the following
reasons:
(1) The use of bulk samples is to be preferred to the
use of separated mineral phases since the apparent age of the
whole rock will be independent of diagenetic changes to a
far greater degree than that of the individual minerals
therein.
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(2) The Rb/Sr method of age determinatkn is to be
preferred to the K/A method due to the much greater probable
validity of the assumption of a closed chemical system in
the former case. Rubidium ions are preferentially adsorbed
on clay minerals relative to potassium, and hence, if any-
thing, would be less mobile in an argillaceous sediment.
More important, strontium will tend to be retained to a much
greater extent than argon, since unlike argon, it may if
mobilized during diagenesis be retained either as an exchange
ion or included as a trace constituent is newly crystallized
authigenic phases (e.g. aragonite or feldspar). Likewise
the probability of the loss of Sr upon disaggregation of the
sample in the laboratory is minimal.
If the assumption of a closed chemical system is granted,
the apparent age of any given sample will be either equal
to or greater than the actual age, due to the presence of
inherited radiogenic Sr in detrital rubidium-bearing phases.
A further necessary asamption in order to construct a
model for correction of these apparent ages is that the
detrital component in the various samples analysed will be
uniform (i.e. have the same Rb/Sr ratio and strontium isotopic
composition. To this detrital material varying amount of
"authigenic" rubidium and strontium are added at the time of
deposition. Authigenic rubidium may be added by any of
several processes, analogous to those by which potassium is
added:
1. Fixation, whereby alkali metal ions (K or Rb) are taken
up as interlayer cations in "degraded" illite or muscovite
particles with high interlayer charge. To a lesser extent,
fixation may also take place through the reconstructive trans-
formation of montmorillonites to illites of mixed-layer
aggregites. (Weaver, 1959).
2. Adsorption of alkali metal ions into exchange positions
in clay particles.
3. Trapping of K or Rb ions in interstitial water. Es-
sentially all of these trapped ions probably remain in the
sediment when the water is lost upon lithification. (Powers,
1959).
Authigenic strontium may be added by adsorption or trap-
ping, as in the case of rubidium, or by the inclusion of
Sr as a trace constituent in precipitated carbonate phases
or fossils.
87 86If the atomic ratio Rb /Sr is plotted on the abcissa
and the ratio Sr 87/Sr86 on the ordinate of a linear graph,
the "age" of a point on the diagram is given by
where X is the decay constant of Rb87 and K is the angle
measured counterclockwise from the abcissa to the point.
Now if
Rb1  Properties of uniform
detrital component at
Sr1 R time of deposition
Ro0 (Rb ppm, Sr ppm, Sr 8/Sr )6
-8.-
Properties of material
added in depositional
environment
elapsed time since deposition
apparent elapsed time
deposition
since
Then at T = 0 5r, Sr R2
sr, + sr2
RbI +Sb
Sri + Sr2
5r; (Ro R*)
Rb , +R b
and
[-44 r R*Rbl
(3)
For T>0
(~- ic')
Rb
2
Sr
2
R02
(2)
-cc" - I
and
(4)
L +
(5)
This relationshir
based on the fact
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is rigorous. A simplified approximation,
that
when
T1~ I(
and when
is given by
T~ ~+ Rba.. (6)
orT wArntrat R
or alternatively
(7)
This latter expression may be used as a correction to the
average apparent age of a group of samples of the same
(stratigraphic) age, given the above assumptions and empirical
estimates of the parameters SrI, R0, R0, and (Rb + Rb
Fig. 1 is a schematic representation of the model based on
the approximation of equation (6). At the time of deposition
the clastic constituent of the shale is represented by the
point D (Rb /Sr1 , RO). Authigenic addition of strontium with
an isotopic composition R2 will give points lying along the
line a distance proportional to the amount of Sr added.
Similarly, authigenic addition of rubidium will move the point
along the line DB a distance proportional to the amount of
4, -CAM e, ) '%W -111% 0(
5r (R;to R*
I
Sr87
Sr 86
Rb, / Sr, Rb87'Sr 86
FIG I ILLUSTRATION OF MODEL BASED ON EQUATION (7)
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rubidium added. Addition of both Rb and Sr will give points
in the area DR0AB or its extension to infinity.2
At time T, radiogenic growth of Sr87 will have moved all
points upward an amount proportional to their Rb/Sr ratio,
and the points representing individual samples will lie in
the area D'ROA'B' and its extension. Then the apparent age2
of any given sample, and hence also the average apparent age
of the group of samples, will be too large unless the
strontium in the sample is entirely of authigenic origin.
For example, a sample for which (Rb1 + Rb2 )/Rb1 = 2 would lie
along the line R0C at a point depending on the amount of
added authigenic Sr.
A test of this model for a particular situation was provid-
ed by the analysis of twenty samples of shales from the
Hamilton Group (Middle Devonian) of New York and Pennsylvania.
Analytical Procedures. Rubidium and strontium were measured
by stable isotope dilution methods. The spike solution was
added to the weighed sample at the beginning of the procedure.
Following this the samples were taken into solution in a
mixture of hydroflouric and sulfuric acids and subsequently
converted to chlorides. Rb and Sr were then separated and
purified on a cation exchange column. Rb was monitored by
flame test and Sr by radioactive Sr85 tracer. Isotopic analyses
were performed on a solid-source, 6" radius, 600 sector mass
spectrometer. Rb samples were applied to the filament as
nitrate, and Sr as oxalate or nitrate. Isotopic composition
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of strontium was determined on a separate, unspiked portion
of each sample, prepared in the same manner. Details of the
analytical procedure may be found in Herzog and Pinson
(1956), Herzog et al (1958) and Faure (1962, in press).
Reproducibility and Error. Replicate analysis of a number
of samples indicated that a conservative estimate of the
standard deviation of the Rb8 7 /Sr8 6 ratio for a single
analysis is + 2%. Isotope ratio analyses have an estimated
standard deviation, from twelve duplicate analyses, of less
than + 0.002 in the Sr8 7/Sr8 6 ratio for a single analysis.
Fourteen isotope ratio analyses of a standard sample (Fimer
and Amend SrCO3 reagent, lot #492327) gave a standard error
of the mean of less than + 0.001 for the Sr87 /Sr86 . The
results of these determinations on the standard sample are
given in Table I, below, and compared with those of other
investigators on the same material.
Table I
Comparison of Results of Analyses on Eimer and Amend SrCO3
Reagent
Number of 86 88  8 8 6
Analyses Sr /Sr Sr SR
Aldrich et al 6 0.1195+0.0003+ 0.7113+0.0033
(1953)
Faure (1961) 9 0.1194+0.0002 0.7114+0.0006
Powell (1962) 10 0.1194+0.0002 0.7114+0.0006
This work 14 0.1195+0.0002 0.7106+0.0007
+ Standard deviation reported are standard deviations of
the mean.
Raw data. Normalized ratios are 0.7115, 0.7116, 0.7116,
0.7108 respectively.
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Normalization Correction. In order to correct for isotopic
fractionation in the mass spectrometer, a normalization cor-
rection (Herzog et al, 1958) was applied to the raw Sr8 7 /Sr8 6
isotopic ratios. This involves the assumption that the
Sr 86/Sr88 ratio is constant in nature and equal to 0.1194
(Nier, 1939). Variations in analysed Sr8 6/Sr88 ratios from
this value were assumed to be due entirely to fractionation
effects in the mass spectrometer, and the Sr8 7/Sr8 6 ratios
were adjusted by an amount proportional to half the observed
deviation of Sr 86/Sr88 from 0.1194. That this assumption
is valid is borne out by the fact that the mean Sr86 /Sr 88
ratio for 68 analyses (37 samples) was 0.11946 + 0.00008.
Estimation of Model Parameters. The model parameters
RO, R0 , Sr and (Rb + Rb2 ) must be estimated from the data.
Of these, (Rb + Rb2) is simply the average total rubidium
content of the group of samples studied. R0, the sea-water
Sr isotopic ratio at the time of deposition, was determined
by duplicate analyses of four limestone samples, taken from
beds directly underlying the Hamilton (Onondaga limestone)
or interbedded with the Hamilton shales. The limestone data
are presented in Table 2. The estimation of the remaining
model parameters, Sr and Rl, is less straightforward, and
rough estimates only could be achieved. The procedure was to
select the ten samples having the lowest total Sr content,
and then from these the five having the highest apparent age
using R0 as the initial ratio, using the relation
2
X Rb*rSr(8)
-14-
where A 1.47 X 10
The object of this procedure is to select the samples
having the least authigenic strontium, i.e. the samples
that would lie closest to line D'B' (see fig. 1). The
average Sr content of these samples was taken as the best
estimate of the parameter Sri, and the intercept of a
least-squares line fitted to them as the best estimate of
R .
Analytical Data. Table II, below, is a summary of the
analyses made on the twenty Hamilton shale samples.
Table II
Analytical Data for Hamilton Shales
Rb (ppm)Sample
R4727
R4727A
R4729
R4732
R4734
R4739
R4740
R4741
R4742
R4743
R4749A
R4749B#
R4749C
R4755
R4760
R4916"
R4917
R4918
R4921
R4997
163.0
189.6
193.5
152.5*
188.9
186.5
172.9
183.9
192.4*
106.2
175.3*
60.4
180.8
221.9
174.1
195.3
168.2
195.3
213.7
191.3
Rb8 7 /Sr8 6
162.5
94.8
88.0
289.5*
139.1
67.9
71.5
81.8
235.5
299.8
103.1*
173.6
96.2
80.7
85.1
103.8
172.2
134.2
83.5
157.1
Sr 8 6 0Sr8 8
0.1198*
0.1198*
0.1194
0.1196*
0.1193*
0.1186
0.1201
0.1193
0.1201+
0.1198 *
0.1194*
0.1193
0.1189
0.1191
0.1177
0.1190
0.1196
0.1198
0.1191
0.1208
Sr8 7/Sr8 6N
0.7265
0.7431
0.7485
0.7175
0.7344*
0.7570
0.7533
0.7444
0.7350+
0. 7155*
0.7376*
0.7162
0.7388
0.7575
0.7435
0.7435
0.7264
0.7362
0.7515
0.7298
* Mean of duplicate analyses
+ Mean of triplicate analyses. A fourth isotope ratio analysis, also run on
2.909
5.809
6.391
1.527*
3.941
7.990
7.031
6.531
2.371
1.026
4.935*
1.008
5.457
7.997
5.943
5.467
2.833
4.224
7.439
3.509
this sample, showed a widely divergent ratio (0.7260) which is
believed to be due to severe contamination with Sr from another
sample during chemical processing.
# Sample contains large amounts of carbonate.
+ Sample used to estimate Sr1 , R .
Table III
Erian Limestone Data
Date
1/4/62
5/24/62
12/23/61
2/22/62
12/21/61
1/6/62
3/2/62
6/2/62
Mean Values
R4728 0.7100
R4735 0.7086
R4744 0.7067
R4762 0.7103
Sets
96
96
102
102
96
102
96
96
86/88
0.1194
0.1203
0.1191
0.1190
0.1194
0.1186
0.1185
0.1196
87/86
0.7079
0.7096
0.7092
0.7100
0.7050
0.7109
0.7117
0.7109
Grand Mean
Standard Deviation
87/86N
0.7079
0.7122
0.7083
0.7088
0.7050
0.7084
0.7090
0.7115
0. 7089
(a) = 0.0009
Sample
R4728
R4735
R4744
R4762
Quality
Good
Good
Poor
Good
Good
Good
Good
Good
0.760
co
Cl 0.730
0.710
2 4 8
Rb 87/Sr 8 6
FIG. ; HAMILTON SHALE DATA
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The data of table I are plotted in figure 2. If the mean
Sr87/Sr86 ratio for the limestones (0.7089 +_ 0.0009, table III)
is assumed for the initial ratio, the samples give an average
apparent age of 407 + 15 million years, if the slope of the
best-fitting line is calculated according to the formula:
V KY xi~'
(Youden, 1951)
using X = Rb8 7/Sr8 6, Y = Sr87/Sr86 - 0.7089.
Model parameters estimated as described above, using samples
R4729, R4739, R4740, R4755, and R4916, are
Sr = 82 ppm
R4 = 0.7139 + 0.0022
RO = 0.7089 + 0.0009
1
(Rb1 + Rb2) is computed as the weighted average of the
rubidium contents of the individual samples.
The correction calculated from equation (7) then is
t - T = 53 + 27 m.y.
hence T = (407 + 15) - (53 + 27)
= 354 + 31 m.y.
These calculations are made omitting sample R4742, which ob-
viously cannot be subsumed under the assumption of a uniform
detrital component.
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Discussion. The dependence of this method of age determina-
tion on a number of rather cumbersome assumptions gives
rise to considerable uncertainty in the results. The cal-
culated error of + 31 m.y. is largely the result of the
large precision error in estimation of R . However, several
other factors may introduce a bias into the results.
The first evident source of error is in the fact that the
procedure for estimating R0 and Sr1 will, due to the pre-
sence of some authigenic Sr in the samples used, give values
of the two parameters which are too low and too high respect-
ively. These errors will at least partially cancel in the
calculation of the age correction, but still remain as a
potential source of inaccuracy.
It is evident that the assumption of a uniform detrital
component will never be strictly true in actual geological
situations. In argillaceous sediments, the major portion
of the rubidium in the detrital component will be carried by
minerals of the (muscovite-illite-mixed layer I/M) family,
with possible minor contributions from potash feldspars.
However, even a relatively uniform mineralogy does not insure
a uniform apparent age from sample to sample, since variations
may arise from any of several other factors, the most important
of which are:
(a) Contributions of detritus in varying amounts from
source terrains differing in lithology, age, and degree of
weathering; and
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(b) Variations in apparent age with particle size,
and consequent variations in apparent age of rocks with dif-
fering particle-size distributions.
Since detection of such variations by independent criteria
would be prohibitively tedious or probably,in most cases, im-
possible, the only available criterion for the validity of
the model for any given set of data is the fit-apparent or
real - of the data to the model. This introduces an addition-
al element of uncertainty into the procedure.
In the case of the Hamilton shale samples analyzed only
one of twenty (R4742) is obviously a bad fit for the proposed
model. Available geologic evidence indicates that this parti-
cular sample may represent an extremely slow rate of clastic
deposition, with a resulting serious contamination with old,
wind-borne detritus.
A further assumption which has been implicit in this work
is that the analyzed samples represent a point in geologic
time. Since the Hamilton Group spans the major point of the
Middle Devonian in New York and Pennsylvania (Cooper 1929,
Schuchert 1943) this is obviously not strictly true. This
factor no doubt adds to the probable error in the calculated
age.
For purposes of comparison, a table, from various sources,
of absolute age determinations on Devonian rocks is included
here.
Material Method,
Biotite, from Rb/Sr
Granite intruding K/A
Upper Lower Dev.
Two localities
in Nova Scotia
Biotite from K/A
Quartz Monzonite
Near Jackman, Me.,
intruding Lower Dev.
Lower Dev. K/A
(Oriskany)
Seboomooh
Slate. Jackman
Me.,(Whole rock,
Ave. of 4 samples)
Biotite from
bentonite bed
in Chattanooga
Shale (U. Dev.)
Ditto
Chattanooga
Shale, U. Dev.
(Whole rock)
Biotite from
Rhyolite, Dev.-
Miss. Boundary
Snobs Creek,
Australia
K/A
Rb/Sr
U/Pb
K/A
Age (m.y.)
355 + 11
364 + 10
365
340 + 7
385 + 40*
350 + 15
340 + 10
Reference
Wbairn et al,
Hurley et al,
1959
Hurley et al.
1959
Faul (1950)
Adams et al.
(1958)
Cobb (1931)
Evernden et al.
(1961)
* Recalculated toA b 7 = 1.47 X 101
This age is also in good agreement with an age of 350 + 10
m.y. obtained by M. Bottino (oral communication) for the
Upper Lower Devonian Kineo Rhyolite from Maine. These ages
appear slightly young compared to the time scales of Holmes
(1960) and Kulp (1931). A better agreement is attained using
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Table IV
the decay constant \gR,7= 1.39 X 1011 of Aldrich et al.
(1956), giving a recalculated age for the Hamilton rocksof
374 + 31 m.y.
Variation in Apparent Age With Particle Size. In view of
the results of Evernden et al. (1961) and Hower et al. (1962)
showing a dependence of apparent K/A age with particle size
in shales, an attempt was made to determine whether a similar
situation prevailed with respect to apparent Rb/Sr ages in
these samples.
Four Hamilton shale samples (R4727, R4732, R4734, R4742)
were gently crushed, leached with 2N HCl, to remove carbonate
and centrifuged repeatedly to isolate the fraction containing
particles with diameter in excess of five microns. These
were then analyzed in the same manner as the whole-rock
shale samples. The results are tabulted below in Table V.
Table V
Analysis of +5 Fractions
Sample Rb Sr Rb8 7/Sr8 6  Sr3 7/Sr8 6
D4727 167.5 80.6 6.039 0.7472
D4732 194.4 78.6 7.189 0.7520
D4734 210.3 87.3 7.003 0.7512
D4742 180.2 380.5 1.374 0.7230
These results are plotted in Fig. 2 as squares. If an
apparent age for each of these samples is computed by equa-
tion (8), the result is not significantly different from the
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samples from which they were extracted.
Table VI
Apparent Age*
of Whole RockSample
R4727
D4727
R4732
D4732
R4734
D4734
R4742
D4742
(Table VI)
Apparent Age*
of Coarse Fraction
412 + 43
431 + 26
383 + 80
403 + 22
440 + 33
411 + 23
749 + 52
698 + 112
* (Sr 8 7 /Sr 8 6 ) = 0.7089 + 0.0009
This result is significant in several ways. While it is
difficult to generalize on the basis of a few samples of
one particular shale, it appears that in at least this case
the dependence of apparent age upon particle size is relatively
unimportant for Rb/Sr ages. Several factors may be involved
here:
(a) The possibility that the larger particle sizes of
muscovite and illite detritus are more efficient in the
fixation of alkali cations than the smaller sizes (Weaver
1958C).
(b) The more complete retention of radiogenic strontium
in the small particle sizes, as compared to radiogenic argon.
apparent age computed in the same manner for the whole-rock
-24.-
(c) The probably low original abundance of montimoril-
lonitic clays in these shales, and consequently the lack
of fine grained authigenic illites and mixed-layer clays.
This lack of expandable-layer clays is confirmed by the low
abundance of strontium in these shales as compared to the
average "pure" shale of Turekian and Kulp (1956), under the
assumption that Sr is concentrated as an exchange ion in the
expandable layers. (Grim 1952, Hower 1961).
The lack of significant dependence of age on particle size
in these shales precludes the possibility of correcting the
apparent age by subtraction of the coarse fraction from the
whole rock. This might be possible, however, if the separa-
tion were made at a finer particle size.
The points for the coarse fractions in Fig. 2, with the ex-
ception of D4742, fall within experimental error upon the
least-squares line used for computing R1. Since most of the
authigenic strontium is no doubt removed during the process
of separating the coarse fractions, this agreement tends
to confirm the empirical estimates of Sr1 and RO made from
the whole-rock data.
Conclusions. The observed data for the Hamilton Group shales
are with one exception compatible with the proposed model.
However, the necessity of several cumbersome assuptions, and
of rough estimates of the model parameters from the data it-
self, introduce a sizeable uncertainty into the results. The
age of 354 + 31 m.y. arrived at by this model is in reasonable
agreement with other absolute age determinations on Devonian
rocks.
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Future applications of the proposed model age correction
should include the following modifications:
(a) Careful selection of samples to control as far as
possible the errors introduced by the necessary assumptions.
Specifically, sampling should be restricted to a narrower
stratigraphic and geographic range, and insofar as possible
samples of uniform grain size should be used. These require-
ments must however be balanced with the necessity of sampl-
ing various sedimentary facies in order to obtain a sufficient
spread of Rb/Sr ratios.
(b) Removal of precipitated and exchange strontium by
leaching in several samples, to provide a better estimate of
the parameters Sr1 and Rl.
The possibility of using whole-rock-age determinations with-
out correction for very old argillaceous sediments appears
to be one of the most promising areas for future research.
The percentage error introduced into the measured age by a
given amount of inherited radiogenic strontium is smaller
with increasing true age; an error of 50 m. y. such as found
for these samples would constitute an error of only 2 1/2%
for a 2000 million year old rock. In addition, in ancient
rocks the probability of detritus being derived from a
terrain which is very old relative to the time of deposition
is greatly reduced. The application of direct age measure-
ments to unmetamorphosed or slightly metamorphosed Pre-Cambrian
argillites is recommended.
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Note: Throughout this work the value of the Rubidium8 7
decay constant (X Rb8 7) of 1.47 X 10~11 years~1 , ob-
tained by Flynn and Glendenin (1959) and discussed by
Glendenin (1961) is used in preference to the value of
1.39 X 10-11 yearsI reported by Aldrich et al. (1956),
unless otherwise noted.
Chapter I
Previous Work in Sedimentary Geochronology
The problem of obtaining direct absolute ages or sediment-
ary materials is a problem of considerable interest to
geologists and geochronologists. To date, however, little
success has been reported, and all ages reported have been
of doubtful value due to the complex array of possible
errors inherent in the problem.
Table 1A is a summary of published work in this area.
Table 1A
Previous Work in Sedimentary
*
Geochrono logy
Material
Sylvite
of
it
Feldspar
(authigenic)
Glauconite
i"
it
if
If
If
Method
K/A,K/Ca
K/A
K/A
K/A
K/A
Rb/Sr
K/A
Rb /Sr
K/A, Rb/Sr
K/A, Rb/Sr
K/A
Reference
Inghram et al. 1950
Gentner et al. 1954
Lipson 1953
Wasserburg et al 1955
Wasserburg et al. 1956
Cormier 1956
Lipson 1953
Herzog et al. 1958
Goldich et al. 1959
Hurley, et al. 1960
Evernden et al.1961
Table 1A (Cont'd)
Material Method Reference
" K/A Polevaya et al.1961
Shales, illites, K/ARb/Sr Goldich et al. 1959
and modern sediments K/A Hurley et al. 1961
a,b.
K/A Evernden et
al. 1961
K/A Krylov 1961
it U/Pb Cobb & Kulp 1961
U/Pb Cobb 1961
Shales, illites, & K/A Bailey,et al. 1962 +
modern sediments K/A Hurleyet al. 1962a,b
K/A Hower et al. 1962+
Does not include work on pyroclastic sediments by Adams
et al. (1958), Edwards et al. (1959), Faul and Thomas
(1959) and Folinsbee et al. (1961).
+ In press
Sylvites, of restricted occurrence in the stratigraphic
column and subject to recrystallization at low temperatures
appear to be of limited usefulness as a geochronological tool.
Authigenic K feldspars, definitely identifiable as such, are
likewise of restricted occurrence, and have the additional
drawback that the time of crystallization is not necessarily
that of deposition of the sediment.
The most extensive work, and the most significant results,
have been obtained on glauconites, and on whole-rock shales
and fractions thereof. These are discussed in more detail
below. Discussion of the "common Sr" method (Wickman 1948)
will be deferred to Chapter 8.
Glauconites. The age determinations on glauconites by both
the K/A and Rb/Sr ratios have almost without exception been
lower by a considerable amount, averaging 10-20%, than the
expected ages from the "igneous" time-scale. (Hurley et al.,
1960) This apparent discrepancy is discussed by Hurley (1961),
who concludes that this effect is largely the result of
continued diagenesis after deposition. The mechanism of this
diagenesis is discussed by Hower (1961) and is believed to
be a continued fixation of potassium and rubidium with attend-
ant structural modifications, notably a decrease in the
percentage of expendable layers in the structure. Superimpos-
ed upon this bias introduced by diagenesis may be effects
of Argon diffusion due to heating and/or deep burial, decreas-
ing the apparent age still further, and effects of included
40 87
old radiogenic A and Sr. in detrital feldspars or 2 M
muscovites, tending to increase the apparent age when these
phases are present in impurities in the glauconite. Nonethe-
less the consistency of the data, and the good results ob-
tained by various Russian workers (summarized by Polevaya,
1961) indicate that glauconites are at the present time the
most reliable indicators of absolute ages of sediments, and
are especially valuable for non fossiliferous Pre-Cambrian
sediment . (Polevaya, 1961).
Whole-Rock Shales. Evernden et al. (1961) compare their K/A
data for whole-rock shales with biotite control data and
report results generally within ten percent of the expected
age. Often whole rock shales, two give ages definitely too
old, three give what, according to the authors, appear to be
good ages, and five give ages which are somewhat too low.
The old ages are almost certainly a result of inherited
radiogenic Argon from K-bearing detrital material. The
approximately correct ages are attributed by the authors to
removal of radiogenic Argon from detrital illite during dia-
genesis. The young ages may be due to any of several in-
fluences. Long continued diagenesis which Hower (1961) sug-
gests is possible in shales as well as glauconites could re-
sult in continued fixation of potassium and loss of Argon
through recrystallization. Deep burial and heating may cause
a loss of Argon by diffusion. Another possibility not hither-
to discussed is the loss of Argon during disaggregation of
the sample in the laboratory. The method of preparation of
these samples is not detailed in the paper, but it is not
unlikely that loosely held Argon on the surfaces of clay
particles, having diffused there from the interior of small
grains or originated in place through decay of K ions in ex-
change positions, could be lost upon disaggregation, or ex-
changed with atmospheric Argon.
The analysis of several separated size fractions from shales
shows a correlation between sediment particle size and appar-
ent K/A age (Evernden et al 1961, Hower et al 1962)
0034-
Table 1B
Dependence of K/A Age Upon
Particle Size
Gros Ventre Shale
(Middle Cambrian)
Evernden et al 1961
Sgwan Shale
Upper Ordovician
Hower et al. 1962
Size Fraction
Whole shale
16-150P
8-16
-8.
K/A "age",m.y.
645
708
646
530
Size Fraction
whole shale
6-62.
2-6p
0.45-2p
0.2-0.4 5p
0.08-0.2 i
0.08p
K/A "age1m.y.
460
540
510
462
428
350, 345
350, 350
This dependence of apparent age upon grain size is evidently
the result of an interplay of several factors, including
(a) the more efficient retention of old radiogenic Argon
in the larger grain sizes of K-bearing detrital phases, in
particular the well-crystallized 2M-muscovites which are found
exclusively in the larger fractions (Hower et al. 1962,
Bailey et al. 1962 in press)
(b) The loss of radiogenic Argon through diffusion and
diagenetic recrystallization, both of which processes are more
important in the smaller size fractions.
(c) the efficiency of fixation of potassium in degraded
muscovites and illites upon entering the marine environment.
The dependence of this factor upon grain size is uncertain;
Weaver (1958c) suggests that since fixation may be more
important in the coarser sizes, in which case it might to
some extent counter balance the effect of the above-mentioned
factors.
The conclusion of Evernden et al (1961) that apparent age
will level off at approximately the correct age in the
finer fractions is apparently erroneous since an insufficient
number of fine fractions were measured. The "good" ages
reported by these authors for whole rocks are apparently due
to a fortuitous balance between argon loss in the finer frac-
tions and inherited radiogenic argon in the coarse sizes
(Hower et al, 1962).
The work of Hurley et al (1961b) on recent sediments from
the Mississippi Delta region demonstrates clearly the im-
portant contribution of inherited radiogenic argon on the ap-
parent age of a sediment at the time of deposition. The
relative error introduced by such contamination will, however.
be decreased with increasing age and also by the probable
diagenetic loss of at least part of the inherited argon. The
interplay of inherited argon and argon loss are clearly dem-
onstrated by the results of Hurley et al. (1961a) on clay
fractions from shales of known age. Tertiary shales give ages
without exception too high by comparison with the time scale
of Kulp (1961); Paleozoic shale ages are consistently low by
the same criterion.
Cobb and Kulp (1961) and Cobb (1961) report limited success
in obtaining U/Pb ages for whole shales; however, the uncommon
occurrence of sufficient uranium save in highly bituminous
black shales, in addition to the problems raised by the loss
of intermediate products in the uranium decay chain and by the
geochemical mobility of lead drastically limit the applicability
of this technique.
The single Rb/Sr age reported for a whole-rock shale
(Goldick et al, 1959) is difficult to evaluate due to
lack of sufficient control data.
B. Outline and Purpose of this Work.
The following is a report of an investigation to determine
apparent ages on samples of bulk shale by the Rb/Sr method,
and to devise a method by which such ages may be corrected
to give an estimate of the true age of the rock. It is be-
lieved that this approach is superior to those summarized
above for the following reasons:
(1) The use of bulk samples is to be preferred to the
use of separated mineral phases since the apparent age of the
whole rock will be independent of diagenetic changes to a
far greater degree than that of the individual minerals there-
in.
(2) The Rb/Sr method of age determination is to be pre-
ferred to the K/A method due to the much greater probable
validity of the assumption of a closed chemical system in the
former case. Rubidium ions are preferentially adsorbed on
clay minerals relative to potassium (see below, Ch. V) and
hence, if anything, would be less mobile in an argillaceous
sediment. More important, strontium will tend to be retained
to a much greater extent than argon, since, if mobilized dur-
ing diagenesis, it may unlike argon, be retained either as an
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exchange ion or incorporated as a trace element in newly
crystallized authigenic phases (e.g. aragonite or feldspar).
Likewise the probability of the loss of Sr upon disaggrega-
tion of the sample in the laboratory is minimal.
If the assumption of a closed chemical system is granted,
the apparent age of the sample will be either equal to or
greater than the actual age, due to the presence of old
detrital Rb-bearing phases with associated radiogenic Sr.
The only exception is the unlikely case wherein the Rb-bear-
ing detritus has an apparent negative age at the time of
deposition (see Ch. II).
It will be demonstrated in the following that, given suf-
ficient analytical data and samples in which the amount and
isotopic composition of "detrital" strontium may be assumed
roughly constant, it is possible to arrive at an empirical
estimate of these quantities and to use them to correct the
apparent whole-rock ages.
Results for isotopic analyses of twenty samples of Hamilton
Group shales of Erian (Middle Devonian) age from New York and
Pennsylvania are reported, and a corrected age computed. An
alternative method of correction, based on the analysis of
separated coarse fraction, is also discussed and its applica-
tion demonstrated. Four samples of limestone from the Hamilton
are analyzed to determine the isotopic composition of "sea
water" Sr included in the sediments. In addition, five
samples from the Ohio-Chattanooga shale (U. Dev.-L. Miss.)
in Kentucky are analysed and the results compared to those for
the Hamilton.
Chapter II A Hypothetical Model for the, Rb-Sr Geochron-
ology of Sediments
A. General Development
The basic equation of radioactive decay is:
-*D P(e - ) 2.01
where *D is the number of radiogenic daughter atoms at
time t and P is the number of radioactive parent atoms
at time t. This equation, in the case of the decay
of radioactive rubidium 87, becomes
Sr es7 ( x I 2.02
In the case of natural materials, nonradiogenic strontium
87 is invariably present at the time of origin of the system,
hence the total amount of Sr87 in the system is given by:
Sr * Sr 7 + R {b S) 2.03
This equation may be rewritten in terms of isotopic ratios,
for convenience in measurement by dividing through by the
abundance of stable, non-radiogenic Sr86 as follows.
%rS 8 = (Sr Srs' +g 2.04
Since e . i e x waIy , 2.04 is approximated
by
Sr7sr S r r \2.05
The use of this approximation introduces an error of 0.59%
for t = 400 m.y. and A = 1.47 x 10-11. The ratio Rb87/Sr8 6
may be calculated from the measured weight ratio of rubidium
to strontium by the relation
Rb sr*' (Rb/sr)r, 2.06
where K = 0.003255 (Atomic wt. Sr/Atomic fraction Sr86)
and can be computed from the measured ratio of Sr87/Sr8 6 .
Therefore the age of a sample of geological material may
be computed either from the rigorous equation
T= . { + 2.07
K ((Rb/:sr)WT-,
or the approximation
-ii aw (R , r~w 2.08
Two methods of graphical analysis of data, based on the above
relationships, are commonly in use. The method used by
Compston and Jeffery (1961), Faure (1961) and others involves
a grph vesus 87 86
a graph of t versus Sr /Sr . An illustration of this meth-
od for three hypothetical samples of equal age and initial
Sr87/Sr86 ratio is shown in Fig. 2.1. Here the "development
lines" for each sample are proportional to the Rb87/Sr86
ratio for that sample and approximately linear for
These lines become exactly linear if t is replaced by the
functions0 S = 'Tj r/Sr'-5 5'. (Compston and Jef-
fery, 1961). The ordinate of the intersection of the devel-
opment line is the initial Sr /Sr ratio and the abscissa
-40-
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is the "age" (= time of last complete isotopic homogenization
of strontium) of the samples.
An alternative method, which will be used in this
work, is that suggested by Nicolaysen (1961) in which Sr87/Sr 86
is plotted against Rb87/Sr 86 . In this method the samples
of equal age and initial ratio will fall on a straight line
or "isochron." (Fig. 2.2)
For this construction equation 2.07 becomes
ZC- ,t'( 14 tD'ii0, / 2.09
and equation 2.09 becomes
T 2.10
The intersection of the isochron on the ordinate gives the
common initial ratio of the three samples, and the age is
given by 2.09 or 2.10.
B. Development of the Model
In the case of sedimentary rocks, the problem of de-
termining an absolute age by means of the rubidium-strontium
method is complicated by the fact that complete homogeniza-
tion of strontium isotopes cannot be assumed to have taken
place at the time of deposition. In the case of a marine
shale such as those under consideration in this work, at least
tvo "kinds" of strontium must be assumed present.
(a) Strontium contained in pre-existing mineral
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phases (micas, clays, feldspars, etc.) weathered from pre-
existing geological materials and transported to the site
of deposition by any of several geological processes.
(b) Strontium dissolved in the sea water and adsor-
bed onto mineral particles or precipitated as a minor element
in certain carbonate phases.
Except under very fortuitous conditions, these two
kinds of strontium will not have the same isotopic composi-
tion. The detrital material will in most cases have the
higher initial Sr 8 /Sr86 ratio, since the mineral phases
which tend to be more stable under conditions of weathering
and transportation have in general a higher rubidium/stron-
tium ratio and will, unless very young, have developed a
strontium isotopic composition enriched in Sr87 to a greater
extent than that prevalent in sea water (see discussion of
limestone measurements in chapter 8). The presence of these
two kinds of strontium, in varying proportions, will cause
a difference of the initial Sr87/Sr86 ratio in samples of the
same age. This makes impossible a direct calculation of an
age from the isochron diagram. The situation is further com-
plicated by the fact that varying amounts of rubidium will
be added to the detrital material by adsorption or fixation
(see chapter 5).
In the following development, the assumption is made
that the detrital component delivered to the site of depo-
sition is uniform with regard to rubidium/strontium ratio and
strontium isotopic composition. The validity of this assump-
tion in the light of experimental data will be discussed in
chapter 6.
For a hypothetical shale formation with homogeneous
detrital material and varying amounts of "authigenic" Rb and
Sr added at the site of deposition, the situation may be il-
lustrated diagrammatically as in Fig. 2.3 below. At the time
of deposition the "detrital fraction" of the shale is repre-
sented by point D (Rhi/Sri, R ) on the Rh87/Sr versus Sr87/
Sr8 6 diagram. Authigenic addition of strontium of isotopic
0
composition R2 will .move thus along the line D R* a distance
proportional to the amount of Sr added. Authigenic addition
of rubidium will move the point along the { a distance
proportional to Rb1 + Rb2/Rb1 where Rb is the "detrital" ru-
bidium and Rb2 is the "authigenic" Rb. Samples to which both
authigenic Sr and authigenic Rb have been added will be in
the area [RIAB or its extension to infinity. For example,
a sample for which Rbi + Rb2/Rb 1 = 2 would lie along the line
R0 at some point depending on the amount of added authigenic2
Sr.
At some later time T, radiogenic growth of Sr8 will
have moved all points upward an amount proportional to their
Rb 8 /Sr8 6 ratio, and all will now lie in the area
The apparent age t of any sample as computed by equation
2.10* will be too great unless the sample lies along
* Note that Fig. 2.3 is based on the approximate relationship
2.10 rather than the rigorous equation 2.09.
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(i.e. unless the Rb and Sr in the sample are wholly authi-
genic) in which case the computed age would be the true age T.
A correction for the'apparent age t may be developed as fol-
lows:
Let Rb 1  properties of homogeneous detritus at time
Sr1  of deposition (Rb87ppm, Sr8 6ppm, Sr87/Sr86)
Rb2  properties of material added in depositional
Sr2 =
environment.
R2
T = elapsed time since deposition
t = apparent elapsed time since deposition
Given the relationship 2.09
then for T =0
+ 5 T_ + 5 rj
and t =
2.11
2.12
and for T > 0
c~iSr, (R,*-S ') eXT - I
2.13
and t * s
Rio T+he R6 =
=T when R 0= R$ .Srr 2
This relationship is rigorous. However it may be simpli-
-C = 1,41 ( % * raAn OL ) /A
Srt (R,
+
ab, + Rb,
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fied in view of the fact that
and therefore
Introducing this approximation into the equation for t
gives
-R i + e 2.15
A further simplification follows from the fact that
Whereby, substituting in 2.15 above
Sr, (,* 2.16
and again t = T when R = R 2
or alternatively
T-T 2.17Rb, + Rb2..1
Equation 2.17 may be used as a correction to the average
apparent age of a group of samples, given the assumption of
a homogeneous detrital component and empirical estimates
of the parameters Srl, R7, 0R0, and (Rb1 + Rb2).
R may be determined for a given shale formation by
analyzing the Sr isotopic composition of associated lime-
stones, if any. (Rb1 + Rb2 ) is simply the measured rubidium
content of a given Sample or the average for a group of sam-
ples.
If a sufficient number of samples are analyzed and
plotted to permit an empirical estimate of the line D'B',
then R7 is the intercept of the extension of this line
with the ordinate, and Sr1 is the average Sr content of
samples lying on or near D'B' (i.e. samples to which vary-
ing amounts of authigenic Rb and little or no authigenic
Sr have been added). This is the approach taken in the pre-
sent study. An alternative method of determining the po-
sition of D'B' based on the removal of authigenic strontium
by leaching, will be discussed in detail in chapter 9
C. Alternative Correction to Apparent Age
The work of Evernden et al. (1961) and Hurley et al.
(1962) on K/Ar ages in sized fractions of shales indicates
that inherited radiogenic argon is concentrated in the lar-
ger particle sizes. If an analogous situation exists for
radiogenic strontium, then hypothetically, the apparent age
of a sample of sediment sould be corrected for old Sr by
separating one or more coarse size fractions, measuring their
Rb and Sr abundances as follows:
For, a single coarse fraction, Let:
Rbw Properties of the whole-rock sample as measured
Srw =" 8
at present (Rb ppm, Sr ppm, Sr87/Sr8 6 ratio)
Rw
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Rb1
Sr
Properties of separated coarse fraction
x = wt. % coarse fraction relative to whole rock
t'= apparent age t corrected for coarse size fraction
R= initial ratio of authigenic strontium independently
estimated from Rb-free materials
Then, starting with the approximation 2.08, the equation
for t' is
Cr )CJ KAL r~ 2.18
which may be simplified to
Sr , -- ) X Sr, ( RI)21/ 2.19
KA (Rw- yRb,)
t" is then a first approximation to the true age. A clo-
ser approximation could be obtained by separating fractions
with progressively lower particle-size limits (e.g. perhaps
+10 , +5 , +2 .... ) and calculating t", t''', ...etc.
until a further lowering of the particle-size limit in the
coarse fraction had no appreciable effect, i.e. until the
remaining fines represented nearly pure authigenic material.
Alternatively to separating coarse fractions from a
large number of samples, the procedure could be simplified
by separating fractions from a few representative samples
and assuming that the detrital material in the shale was
0 - _ _ -akdoold 
I
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homogeneous with respect to its distribution among the par-
ticle sizes, as well as in respect to its isotopic com-
position. One would take this homogeneous "average" detritus
and subtract it in turn from each of the samples.
One may also subtract the Rb,Sr, and Sr isotopic com-
position separately-from each sample instead of using 2.19,
and from the resulting hypothetical "authigenic" samples
construct an isochron diagram, i.e.
Rbauth. Rbw - xRb
Sr Sr -22
auth. w xSr 1 2.20
Rauth. RwSrw - xR Srl/Srw - xSr
The abovementioned techniques, while heavily dependent
upon assumptions with regard to homogeneity of the detritus,
are believed preferable to the alternative of separating and
measuring a fine, presumably largely "authigenic" size frac-
tion in that they eliminate to some extent the errors intro-
duced by diagenetic modifications of the smaller particles.
The results of application of these coarse-fraction
separation techniques to the Hamilton Shale are presented
and discussed in Chapter 6.
Chapter III
Analytical Procedures
A. Mechanical Preparation of Samples.
From a one-to-two pound sample of shale about ten to
twenty grams of chips were taken. These chips were taken
as far as possible from all weathered surfaces, fractures,
or visible unhomogeneities of the original sample consisted
of two or more fragments of rocks, insofar as was possible
chips were taken from each piece. The chips were then washed
with distilled water to remove surface impurities, and dried.
The sample was then crushed in a steel mortar and ground
for approximately five minutes in a Pica Blender mill.
Both the mortar and the blender mill capsules were washed
with water, dried with acetone, and precontaminated before
the preparation of each sample. Ground samples were then
stored in a clean #2 glass capsule vial. The same pro-
cedure was used for both shale and limestone samples.
B. Chemical Preparations.
1. Cleaning of laboratory ware.
All glassware and polyethylene used in the chemical
preparations was first cleaned by scrubbing with hot water and
detergent, followed by two rinses with 2N vycor distilled
HCl and one rinse with demineralized water. Beakers were
then covered with a sheet of parafilm until used. Upon re-
moval of the parafilm each beaker was again rinsed with 2N HCl.
Platinum crucibles for use in dissolving samples were
initially sevubbed with hot water and detergent. Visible re-
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sidues were removed by scrubbing with powdered pumice. The
crucible was then rinsed with hot water and filled with
6N HCl. The acid was then heated to just below boiling
temperature for about fifteen minutes. The acid was then
poured out and the crucible rinsed twice with 2N vycor dis-
tilled HCl and once with demineralized water.
2. Reagents
Reagents used are as follows:
Water: All water used in sample preparation was
distilled and demineralized prior to use.
HC1.: Reagent grade hydrochloric acid was diluted to
approximately 6N with demineralized water. The acid was then
distilled in a vycor flask and condenser, and collected in a
clean polyethylene bottle. Subsequent dilutions were made
with demineralized water.
HNO3  Reagent grade nitric acid was diluted to ap-
proximately 1:1 with demineralized water and distilled in
vycor.
HF: Reagent grade hydroflouric acid was used without
preliminary purification.
H2So 4 Reagent grade sulfuric acid was diluted with
an equal volume of demineralized water and used without further
purification.
Ammonium Oxalate: Reagent grade ammonium oxalate was
used without further purification.
Ion Exchange Resin: Dowex 50 X 8 200-400 mesh cation
exchange resin was mixed in 2N HCl, left to settle for a
few moments, and decanted to remove the fines. This process
was repeated several times. Ion exchange columns 18" - 24"
length 7/8" ID were prepared by pouring a slurry of the pre-
pared resin into pyrex columns stoppered with pyrex wool.
Resin was added until a depth of approximately 10" was at-
tained. A second wad of pyrex wool was added at the top of
the column to prevent disturbance of the resin during addition
of samples of acid. Initial cleaning of the columns was done
with 400 ml. of 6N HCl followed by 400 ml. of 2N HCl for con-
ditioning. Following each sample the columns were cleaned
with 200 ml. of 6N HCl and conditioned with 200 ml. of 2N HCl.
3. Chemical Preparation of Samples for Isotope Ratio
Analysis.
Approximately one gram of ground sample was placed
in a platinum dish and moistened with demineralized water.
Then 5 ml. of 1:1 sulfuric acid and 25 ml. of HF were added
and the dish was placed in a boiling water bath in a fume
hood to digest for several hours. The solution was then
evaporated to fumes of H2So4 on a hot plate; an additional
15 ml. of HF was added and the evaporation repeated. To in-
sure complete removal of flouride a 50 ml. portion of dem-
mineralized water was added and the sample was again taken
to fumes of H2So . Then another 25 ml. of demineralized
water was added and evaporated to approximately 10 ml., where-
upon about 15 ml. of 2N vycor distilled HCl was added. At
this point a black residue of organic matter and pyrite was
usually present. The solution was then filtered through
.R54-
S & S #576 paper into a clean pyrex beaker. The filtrate was
normally a clear yellow in color at this point. The solu-
tion was then covered and allowed to cool and stand at least
twelve hours, during which time a precipitate of white,
needle-like crystals frequently formed. This precipitate
is probably a mixture of barium and potassium chlorides
(Faure 1961). The solution was then refiltered to remove
the precipitate and stored in a 1 oz. polyethylene bottle.
In several instances a portion of Sr8 5 tracer was added
at the beginning of this procedure, and the amount of activity
remaining in the organic residue and the white precipitate
was found to be negligible.
To separate the strontium for isotopic analysis, ion
exchange methods were used. Enough Sr85 tracer (Faure, 1961
page 148) to register about three times background on a Geiger
counter was added to the sample in the polyethylene bottle.
The sample (20-30 ml. volume) was then placed on a cleaned
and conditioned cation exchange column prepared as described
above. The sample was allowed to soak into the resin and the
walls of the column were washed with a few ml. of 2N HCl.
The column was then eluted with 2N HCl and monitored with a
Geiger counter. When the Sr85 activity reached a position
close to the bottom of the column successive 25 ml. fractions
were collected in clean 100 ml. pyrex beakers and evaporated
to dryness on a hot plate. The beakers were then checked with
the Geiger counter and all those containing significant acti-
vity were set aside. The first active beaker occasionally
.5p'.
contained visible amounts of calcium chloride, in which case
it was discarded. The strontium chloride in the remaining
active beakers was taken up in a few ml. of 2N HCl and
stored in a clean 1 oz. polyethylene bottle. In general
approximately 700 ml. of 2N HCl was necessary to elute the
ion exchange column.
In the case of limestone samples a slightly different
procedure was followed. Approximately one gram of powdered
sample was placed in a clean pyrex beaker and dissolved in
about 25 ml. of 2N HCl. The solution was then filtered to
remove organic and clay residue and the filtrate was allowed
to stand at least twelve hours before transferring to the
polyethylene storage bottle. A second filtration was not
found to be necessary for the limestone samples. In order
to insure complete separation of Sr from the large amounts of
Ca present in the limestones the samples were passed twice
through the ion exchange column.
4. Isotope Dilution Analysis.
The procedure for isotope dilution analyses to deter-
mine the concentration of rubidium and strontium was basically
the same as that for isotope ratio analyses. However the
following differences should be noted:
1. Each sample was dried for several hours at approx-
imately 100 0C and weighed to the nearest tenth of a milligram
on an analytical balance.
2. Before addition of the HF and H2s04, a known
amount of stable isotope tracer solution, or spike, was added
volumetrically to each sample. Rubidium and strontium spikes
were both added to the same portion of sample, eliminating
the effect of possible weighing errors on the measured ratio
of rubidium to strontium. Calibration of the spike solutions
is described below. Amounts of spike to be added was deter-
mined on the basis of rough preliminary x-ray flourescence
analyses of all samples.
3. The eluate from the column was monitored for
rubidium by platinum wire flame test. Consecutive 20 ml.
fractions were collected in clean pyrex beakers during the
time when potassium was detectable. The last fraction con-
taining detectable potassium was taken to dryness on a hot
plate, following which about 10 ml. of vycor distilled HNO3
was added to convert the K & Rb chlorides to nitrates and
the sample was again taken to dryness. The nitrate residue
was then taken up in approximately 5 ml. of HNO3 and stored
in a clean 1 oz. polyethylene bottle. Elution was then con-
tinued to recover strontium as in the procedure for isotope
ratio analyses.
C. Mass Spectrometry.
The mass spectrometer used for all isotope ratio and
isotope delution analyses in this work hereafter designated
as "Lulu", is in most respects identical to that used by
Faure (1961) and Powell (1962), hereafter called "Snagtooth".
Lulu is a 600 sector, 6" radius, single collector instrument
built at M.I.T. A magnet current sweep is used to scan
over a range of approximately four mass numbers. Ion current
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at the collector is amplified by a vibrating reed electro-
meter (Model 31, Applied Physics Corporation, Monrovia, Calif.).
The signal is fed to a strip chart recorder (Model 153 X 12V-
X-30, Brown Instrument Co., Philadelphia, Pa.).
Operating vacuums in the range 5 X 10~7 to 3 X 10-6 mm Hg.
(for isotope ratio runs) and 5 X 10~7 to 2 X 10-5 mm Hg.
(for isotope dilution runs) were obtained by means of a
mercury diffusion pump with cold trap cooled with liquid
nitrogen (H. S. Martin Co., Evanston, Ill.) coupled to a fore-
pump (W. M. Welcher Scientific Co., Chicago). Pressure was
measured by an ion gauge (Type RG-2A Vacuum Electronic Eng.
Co., New Hyde Park, N. Y.).
Ion accelerating voltages of approximately 2100 volts
were supplied by a Model 400 BDA power supply (John Fluke
Mfg. Co., Inc., Seattle, Wash.). Filament current was
stabilized by an AC voltage regulator (Model 500S, Sorenson
& Co., Inc., So. Norwalk, Conn.).
Samples were mounted on 0.001" X 0.030" tantalum rib-
bon (Fansteel Metallurgical Co., N. Chicago, Ill.) spot weld-
ed to posts in the source. Filaments were cleaned by heat-
ing under vacuum in the mass spectrometer. A filament was
considered "clean" when no Sr or Rb peaks could be observed
on the 10 mv. scale of the VRE at a filament voltage 10%
in excess of the normal Sr running voltage. Under normal condi-
tions a filament would be used for from two to seven strontium
runs with cleaning between each run, or for a single rubidium
run. Separate sets of source parts (ion box, base, focusing
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half-plates (2), collimating slits (2))were used for Sr and
Rb to avoid Rb contamination from the source parts during
Sr runs. Source parts were cleaned periodicalLy with nitric
acid and demineralized water to remove contamination.
Method of Mounting Samples
A. Strontium.
Two methods of mounting strontium samples on the filament
were employed.
1. Oxalate method. The Sr chloride solution from the ion
exchange column, approximately 5-10 ml. in volume and contain-
ing from fifty to three hundred micrograms of Sr, was evapora-
ted to dryness in a clean vycor dish. While the dish was
still hot several drops of demineralized water and one or
two small crystals of ammonium oxalate were added. Upon
cooling a while, granular precipitate of Sr oxalate formed.
The dish was allowed to stand for several minutes and the
solution was pipetted off. The precipitate was then washed
with several drops of cold demineralized water and taken up
as a slurry in a clean pyrex capillary pipette attached to
a hypodermic syringe. The sample was then allowed to settle
until substantially all of the precipitate was contained in
a single drop at the tip of the pipette. This drop was then
applied to the center of the filament and dried by passing
a current through the filament. When an especially large
amount of precipitate was available, only a fraction was
taken up in the pipette in order to avoid a bulky sample on
the filament, since unduly large samples were found likely to
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cause unstable emission and pronounced isotopic fractiona-
tion. After the sample on the filament was thoroughly dry
the temperature of the filament was raised briefly to red
heat to drive off excess gases and convert the sample to
strontium oxide.
2. Nitrate Method. The SrCl2 solution was transferred
to a clean 5 ml. pyrex beaker and taken to dryness on the hot
plate. Then approximately two ml. of rycor distilled HNO3
was added and the sample again taken to dryness, with the
beaker slightly tilted to concentrate the strontium in as
small as possible an area. The sample was then dissolved in
a single drop of HNO3 and taken up in a clean capillary
pipette. The solution was then evaporated onto the filament
at a temperature just below red heat. It was found that if
a lower temperature was used the sample tended to spread out
on the filament causing weak and unstable emission.
The oxalate method was used for the majority of the Sr
runs reported in this work although the nitrate method was
used exclusively for approximately the last one-fourth of the
runs. Both methods of sample loading gave equally good emis-
sion characteristics, but it was found that nitrate samples
required less conditioning and were less likely to fall of
the filament, which frequently happened with the first sample
put on a new filament as oxalate. Rubidium contamination was
not observed with oxalate samples, and did not persist for
more than ten minutes at Sr running temperatures with nitrate
samples.
I'M 1W! --- -
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B. Rubidium. Samples in nitrate solution were taken to
dryness in a 5 ml. clean pyrex beaker and then several drops
of HNO3 were added to the residue. A small portion of the re-
sulting solution was taken up in a capillary pipette and a
single drop applied to the filament and dried by passing a
current through the filament.
Running Procedure. After the sample was put on the filament
the source was bolted into place in the mass spectrometer
tube and sealed with an aluminum gasket. The tube was then
evacuated. When a vacuum of about 2 X 10-5 mm Hg. had been
attained the filament current was turned on and gradually
raised to the point at which ion emission began (normally
about 20V 1.0 A for Rb and 50V 2.2 a. for Sr). Procedure
was then varied according to the type of run desired.
Sr Isotope Ratio Runs. Filament current was adjusted to give
Sr86 peaks of approximately two inches height on the 10 mv.
scale and the sample was left to condition for two to three
hours (overnight if sample was put on the filament in the
evening) at this temperature. After this period of condition-
ing the current was again turned up until sufficient emission
for accurate measurement was attained. Samples were run only
when all peaks to be measured (86, 87, 88) were at least
two and one-half inches high. Mass numbers 86 and 87 were
measured on the 100 mv. scale whenever possible, with mass
number 88 measured on the 1000 mv. scale. In samples giving
weak emission the 30 and 300 mv. scales were employed.
Samples put on as oxalate generally required additional
conditioning at running temperature in order to obtain steady
nor_- . - a dm -11
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emission. Nitrate samples required no additional condition-
ing for steady emission but occasionally required five to ten
minutes of conditioning to turn off Rb contamination.
When steady emission free from rubidium contamination
(checked for by sweeping over mass 85 on the 10 mv. scale)
was obtained, the magnet sweep was set to scan over masses
86, 87, and 88. Mass 84 was not measured in this work. After
a final check on the focus ninety-six consecutive sets of
peaks were recorded, with base lines checked at intervals of
twelve sets (on 30-300 scales) of twenty-four sets (on
100-1000 scales). Filament current and focus were adjusted
during the run only when necessary to maintain sufficient
emission or correct faulty resolution of peaks. Normal
operating currents were 2.5 to 3.0 amps. (55-65 v.) for
oxalate samples and 2.8 - 3.2 amps (60-70 v.) for nitrate
samples.
When emission was erratic during a run additional sets
were recorded if possible. Occasionally a sample was ex-
hausted before 96 sets were completed, in which case the run
was discontinued after obtaining as many sets as possible.
Pressure during the course of an isotope ratio run was main-
tained below 3 X 10-6 mm Hg., since incomplete resolution of
the peaks was observed when runs were attempted at higher
pressures.
After completion of a run filament current was turned
up to about 4.0 a. to burn off any remaining sample. The
filament was considered "clean" when no peaks were observed
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on the 10 mv. scale at a current 10% in excess of that used
in the previous run.
Strontium ID Runs. During Sr ID runs filament current was
turned up immediately to give measurable peaks. As soon as
the pressure had returned to 2 X 10-5 mm Hg. or below the
magnet sweep was turned on and peaks were recorded, unless
the emission was excessively erratic, in which case the sample
was left to condition at a temperature just below running
temperature until emission was sufficiently steady. Then
the current was turned back up to give at least two-inch
Sr8 6 peaks, on the 30 mv. scale, and fifty-four to sixty sets
of peaks were recorded (more if emission was erratic). Base
line was checked at intervals of twelve or eighteen sets.
After completion of a run the filament was cleaned as for
Sr IR runs.
Rubidium ID Runs. Rubidium samples were raised immediately
to running temperature (25 - 30 v 1.3 - 1.6 a.) and checked
for steady emission. If good emission was obtained the sample
was run immediately, if not, it was turned back down to 20 v
1.0 a. to condition. Occasionally it was necessary to condi-
tion samples overnight. Two inch peaks on the 30 mv. scale
were considered adequate although samples were run on the
100 mv. scale whenever possible. The 10 mv. scale was used
occasionally for a very weak sample. Fifty-four to sixty
pairs of peaks (mass numbers 85 and 87) were recorded for
each sample.
After a filament had been used for rubidium it could not
be cleaned effectively and therefore the filament was changed
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after each Rb run.
D. Preparation of Coarse Fractions.
Unweathered shale chips were crushed gently in a steel
mortar. The powder was then seived in a 200 mesh screen
and the -200 (-74 micron) transferred to a glass bottle for
storage. The +200 fraction was recycled through the procedure
until the entire sample had been reduced to -200 mesh.
Forty grams of powdered sample were weighed out on a
triple-beam balance and placed in a 500 ml. pyrex beaker.
2N HCl was then added in 25 ml. portions to dissolve carbon-
ates. Acid was added until no further reaction was observed
upon addition of further acid. The samples were then allow-
ed to stand overnight.
The acid together with suspended fines was carefully
decanted. The remaining sample was transferred to a centri-
fuge tube.
Centrifugation to separate particle sizes was done in an
international #2 centrifuge (International Equipment Co.,
Boston, Mass.). Centrifuging time to separate +5. material
at 250C, 10 cm. suspension depth, and 3000 RPM was 2.7
minutes (Jackson, 1956). Centrifugation procedure was as
follows:
# Runs Suspension Medium
2 Demineralized water
6 (avg.) Demineralized water plus
10 drops 0.25N NaOH
2 Demineralized water
The number of centrifugations with the NaOH dispersing agent
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was varied as needed to produce a clean supernatant liquid
after the last run. Between each centrifugation the suspend-
ing medium was decanted and replaced, the sample was stirred
with a glass rod, agitated for one minute in a Narda Son-
blaster (Series 200, Narda Ultrasonics Corp., Westbury, N. Y.)
and stirred again.
The residual +5L fraction was transferred from the centri-
fuge tube to a beaker, dried, and re-weighed. For the four
samples so treated the results are as follows:
Table 3A
Amount of Coarse Concentrate
Recovered From Four Shales
Sample Wt. of Whole Sample Wt. of +5 Fraction
*R4727 40.0 g 13.9 g.
R4732 40.0 14.8
R4734 40.0 23.2
R4742 40.0 23.1
* A small portion of the sample was lost due to spillage
during preparation.
Chapter IV.
Precision and Accuracy of Measurements
A. Isotope Ratio Analyses
Measurement and Calculation
Peaks were recorded on ruled chart paper with
lines spaced at 0.1" intervals. Peak heights were
measured to the nearest 0.01" using the zero line on
the chart as an.arbitrary base. The actual position of
the base line relative to chart zero, determined at
regular intervals during the run (see above), was also
measured and recorded. Peak height measurements were
recorded in groups of six complete sets of three peaks
each. It was found that estimation of peak heights by
visual inspection of the chart gave results identical
to those obtained by measuring the peaks with a ruler,
so the former, more rapid method was adopted.
Computation of isotope ratios was done as
follows. The sum of the peak heights at each mass
number was computed for each group of six sets and
corrected for base line. The peak height ratios
Sr 87/Sr86 and Sr 86/(Sr88 x 10) were then calculated and
averaged over the 16- groups of six. In order to obtain
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an estimate of the internal precision of the run the
standard deviation of the mean for the Sr87 /Sr86 ratio
was computed according to the formula
L± I~t N - 14.01
where d is the difference of a group of six sets from
the mean and n is the number of six set groups. This
was then recalculated as a percent error.
X 104.02
In accordance with standard practice at the M.I.T.
Isotope Geology Laboratory, a run was rated as "good"
when E 6 0.08%, "fair" when 0.08% < F & 0.12% and
"poor" wheni 7 0.12%. When - 0.15% the run was
discarded and the sample rerun at a later date.
Normalization
In order to correct the measured Sr 87/Sr86
ratios for the effects of isotopic fractionation during
mass spectrometric analysis, a procedure of normalization
(Herzog, et al, 1958) was employed. This involves the
following assumptions:
(a) that the Sr 86/Sr88 ratio is constant in
nature and equal to the value measured by Nier (1938)
as 0.1194.
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(b) The variations from this number for any
given analysis is due to isotopic fractionation effects
in mass spectrometer, and over a large number of analyses
these variations will be normally distributed about the
mean.
(c) That the degree of fractionation between
isotopes will be approximately a linear function of the
difference of mass number between the isotopes,uhen this
difference is small with respect to the masses involved,
i.e. in this case the degree of fractionation between
Sr86 and Sr88 will be roughly twice that between Sr86
87
and Sr
Table 4A
Sr 86/Sr88 Ratios in Reagents
and Natural Materials
Material
Sr metal
Minerals &
Reagents
Silicate rocks
& reagents
Analyses
48
96
86/88 0r_ Reference
0.1194 ±0.0012 Nier (1938)
0.1195 *0.0003 Aldrich et al.
(1953)
0.1191 ±0.00006 Faure (1961)
Silicate & Carbon-
ate rocks & reagents
Silicate & Carbon-
ate rocks & reagents
76
68
0.11936 ±0.00006 Powell (1962)
0.11946 t0.00008 this work
Mean of 289 Analyses = 0.11932
20-
z
w
0
w
.11746 .11946 .12146
INTERVAL
FIG.4.1 HISTOGRAM OF Sr86/Sr 8 RATIOS FOR 68 ANALYSES
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Table 4A is a compilation of available data on Sr 86/Sr88
ratio measurements. Due to the relatively large spread
in observed values, the mean of 68 runs in the course
of this work (0.11946), the grand mean of 289 runs
(0.11932) and the assumed value of 0.1194 are statistically
identical. The histogram plot of values measured in this
work (Fig. 4.1) shows a normal distribution with a mean
of 0.11946 and a standard deviation of 0.00066. A com-
puaino-X2 2putation ofX, for six degrees of freedom gives-YC = 4.43,
well below the value of 12.59 which would require reflection
of the hypotheses of normality at 95% confidence limits.
Hence the assumed value of Sr 86/Sr88 = 0.1194, and the
normal distribution of the data, are empirically verified.
The normalized Sr87/Sr86 ratio was computed
according to the relation.
AN Aa (00+0-W4)
4.03
Where An is the normalized Sr 87/Sr86 ratio, A0
87 86 86 88the measured Sr /Sr ratio, and B the measured Sr /Sr
ratio.
The overall effect of the normalization is to
reduce the scatter of replicate analyses and hence to im-
prove the precision of the analyses, as wll be 4etonstra-
ted in the following sections of this chapter.
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Standardization
In order to provide a check on accuracy and
reproducibility of the isotopic ratio measurements,
periodic analyses were made of an interlaboratory
standard. The material used was StCo3 reagent, Eimer
and Amend lat. #492327. In all of the analyses reported
the strontium oxalte or nitrate placed on the filament
was prepared directly from a dilute HCl solution of
the carbonate without use of the ion exchange column.
Table 4B is a tabulation of the results of
measurements of Sr 87/Sr86 in this standard on "Lulu"
during the course of this investigation. Analyses
number 1, 5 and 9 were done by Gunter Faure, number 14
by James Powell, and the remainder by the author.
The effectiveness of the normalization cor-
rection is improving the precision of these measurements
is evidenced by the comparison of the standard deviations
of the correct and uncorrected ata, the latter being
larger by a factor of 3. At the same time the means
of the two populations are statistically identical.
A comparison of these data with the results of
other investigators shows satisfactory agreement both on
an intra-laboratory and inter-laboratory basis. (Table 4C).
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Table 4B
Isotopic Composition of Strontium
in StCo3 reagent, Eimer and Amend
Lot #492327
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Date
10/21/61
12/22/61
12/30/61
1/ 5/62
1/21/62
1/26/62
2/17/62
3/ 8/62
4/ 9/62
4/20/62
4/26/62
5/17/62
6/ 2/62
6/19/62
Sr 86/Sr88
0.1193
0.1205
0.1196
0.1190
0.1187
0.1182
0.1202
0.1182
0.1197
0.1207
0.1194
0'.1193
0.1193
0.1204
Sr 87/Sr86
0.7116
0.7067
0.7094
0.7116
0.7130
0.7140
0.7080
0.7143
0.7101
0.7047
0.7116
0.7129
0.7112
0.7090
Summary of 14 Runs
Quantity
Sr 86/Sr88
Sr 87/Sr86
Sr87/Sr86
-A4
(".1195,
0.7106
0.7108
0
0.0008
0.0027
0.0009
E% C_ E%
0.64 0.0002 0.18
0.37 0.0007 0.10
0.13 0.0003 0.04
Sr87 86
0.7113
0.7100
0.7101
0.7105
0.7109
0.7105
0.7102
0.7107
0.7110
0.7085
0.7116
0.7126
0.7108
0.7119
Qual.
Good
Fair
Good
Good
Good
Good
Good
Good
Fair
Good
Good
Fair
Fair
Good
Table 4C
Comparison of Results of Eimer and
Amend StCO3 Reagent
Analyses
Aldrich et
al. (1953)
Runs on "Snag-
tooth" 5/3/60 to
6/28/62
Runs on "Lulu"
10/21/61 to
6/19/62
6
29
14
Sr 86/Sr88
**
0.1195 t 0.0003
0.1195 ± 0.0001
0.1195 ± 0.0002
Sr87 /Sr86*
0.7113 ± 0.0033
0.7113 + 0.0003
0.7106 - 0.0007
Raw data. Normalized ratios are 0.7115, 0.7115, 0.7108
respectively.
**
Standard deviations reported are standard deviations of
the mean.
Errors in Isotope Ratio Determinations
Faure (1961, pg. 176)lists the sources of
error in isotope ratio determinations in seven categories.
Following is a brief discussion of each of these seven
types of error, and the steps, if any, taken to correct
them.
1. Contamination of the sample. During the chemical
processing of the sample, varying amounts of contaminant
strontium are introduced. This material may be either
the "spike" strontium used in the same laboratory for
isotope dilution analyses or "common" strontium from
reagents, dust, and other samples. With respect to the
former, contamination of significant amounts of the Sr8 6
spike would cause a noticeable change in the measured 86/88
ratio toward higher values. While such contamination
might seriously affect a single analysis, both the agree-
ment between the mean 86/88 ratio and previously determined
values (Table 4A) and the symmetrical distribution of values
about the mean (Fig. 4.1) (a distribution showed toward
higher ratios would be expected if spike contamination were
frequent) suggest that contamination of this sort is minor
and infrequent. "Common" St contamination, assuming the
average blank to be 0.36 (see below) with an isotopic
composition of Sr 87/Sr86 = 0.712, will have an effect of
-75-
less than 0.02% on the measured Sr 87/Sr86 ratio of the
most Sr-poor sample measured in this study (68 ppm, 87/86
0.7570), and hence is negligible.
2. Isotopic fractionation in the Mass Spectrometer. This
effect may introduce a considerable systematic error into
a single isotope ratio determination. However, it is
believed that the error so caused is largely removed by
the "normalization" correction described above.
3. Fluctuation in rate of ion sucession. This source of
error is not believed to be significant over the course
of a 96-set run. Further insurance against this type of
error is obtained by discarding runs with low internal pre-
cision(E > 0.15%).
4. Instrumental Drift. The only detectable effect of
drift is the change of base line during the course of a
run. This was compensated by taking base line at periodic
intervals and correcting the data accordingly.
5. Lack of Resolution. The loss of resolution between
peaks during the course of a given run may give rise to
a systematic error in the Sr 87/Sr86 ratio, with the bias
always in this direction of higher values. Such resolution
loss, when the peak shape is symmetrical, may be detected
by observing the "foot" of the Sr88 peaks on the high-mass
side. Three causes of poor resolution are common.
a. Improper alignment of filament and
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source, with consequent loss of a mono-
energetic ion beam.
b. Lack of sufficient vacuum, causing ion
collisions and broadening of peaks.
c. Improper positioning of magnet. "Lulu"
is equipped with a moveable magnet, and it
was found that insufficient resolution was
obtained unless the magnet was in the optimum
position.
If poor resolution was observed during a run, the vacuum,
magnet position and source alignment were checked and if
necessary adjusted. If the instrument continued to give
poor resolution, the run was discontinued.
6. Instability of magnetic field and accelerating voltage.
This source of error is believed to be random and negli-
gible during the course of a run. If unusual drift or
instability was observed the run was discontinued until
the trouble had been corrected.
7. Uncertainties in measurement of records. Variations
due to this cause are also probably small and random.
The possibility of "observer bias" exists as a potential
systematic error, which should be detectable over the
course of a large number of runs of a standard sample by
more than one operator.
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Estimation of Reproducibility
In the course of this investigation twelve samples
were run in duplicate and one in triplicate. Table 4D
is a summary of these replicate determinations
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Table 4D
Replicate Isotope Ratio Determinations
Sample Date
R4727
R4727A
R4728
R4732
R4734
R4735
R4740
R4743
R4744
R4749A 12/ 1/61
12/30/61
3/ 2/62
6/ 2/62
3/23/62
5/ 5/62
R4742 11/16/62
12/ 6/61
1/20/62
2/ 6/62
(Sr 87/Sr 86)
0.7256
0.7274
0.7423
0.7440
0.7079
0.7122
0.7166
0.7184
0.7347
0.7340
12/ 1/62
5/2/62
4/19/62
5/24/62
1/ 4/62
5/24/62
12/ 9/61
2/17/62
1/ 6/62
2/ 9/62
12/23/61
2/22/62
12/ 8/61
6/11/62
2/15/62
5/18/62
12/21/61
1/ 6/62
0.7050
0.7084
0.7368
0.7385
0.7090
0.7115
0.7510
0.7519
0.7336
0.7364
0.7260*
0.7355
7083
7089
7531
7535
7160
7150
0.248
0.229
0.606
0.251
0.095
0.085
0.053
0.140
0.481
0.230
0.352
0.120
0.062
0.052
0.367
0.063
0.009
0.007
0.003
0.020
0.237
0.053
0.124
0.014
R4762
R4921
d%
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Table 4D (cont.)
*
It is believed that the sample used for this run was
heavily contaminated with strontium from another sample
during laboratory processing, and this value is omitted
from all calculations.
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Using the relationship given by Youden (1951,
page 17) for calculating the standard deviation of a single
analysis from a series of duplicates
4.04
Where N = number of samples run in duplicate, a standard
deviation was calculated for the twelve samples run in
duplicate (Table 4D).
4Y0 =± ~fj-5 W . - /o
Multiplied by the mean of the 24 analyses this gives 0'=
0.00205 x 0.7263 = 0.0015. This value is in agreement
with the standard deviation of 0.0014 calculated in the
usual manner from the three preferred analyses of R4742
and is somewhat higher than the S.D. of 0.0009 calculated
from 14 analyses of the carbonate standard. This differ-
ence is probably due to errors introduced during the
chemical processing of the rock samples. On the basis
of there data, an error of f 0.002 will be assumed for
single analyses and ± 0.0015 for analyses in duplicate
in the following discussions. These estimates are be-
lieved to be conservative.
B. Isotope Dilution Analyses
1. Compositions and concentration of isotopic spikes.
The values of the atomic abundancy in the
Rubidium and Strontium isotopic spikes used in this work
are as follows: (date from Faure, 1961)
Rubidium spike Isotope Atomic Abundance
(3 analyses) 85 0.0175
87 0.9825
Strontium spike 84 0.0005
(3 analyses) 86 0.8373
87 0.0948
88 0.0674
Concentrations of the spikes were determined by
isotope dilution analyses using a known mixture of the
spike and a shelf solution of known concentration and
isotopic ratio. The analytical data for these spikes
are as follows: (see Table 4F)
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Table 4F
Concentrations of Rb and St Spikes
Rubidium Spike:
Date of Analysis
2/20/60
2/25/61
2/28/61
Strontium Spike:
Date of Analysis
6/24/60
2/26/61
2/26/61
3/17/61
3/28/61
7/11/62
RbAA/ml.
63.49
64.07
62.30
StA-/mnl.
21.54
21.44
21.56
21.84
21.86
22.28
Source
Faure
(1961)
Source
Faure (1961)
"1
MIT Isotope
Geology Lab.
Records
Mean of 1st 5 = 21.65 0- = + 0.085
The first three analyses of the Sr spike were
made using the shelf solution prepared by R.F. Cormier,
July 2, 1956; the latter three were made using that prepared
by W.H. Pinson, Jr. on March 17, 1961. The last analysis
was made on the last few ml. of spike remaining in the
storage bottle. The higher value is doubtless due to
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concentration of the solution due to evaporation. This
effect will be dispreportionately large for the last few
aliquots of solution takes from a bottle and hence this high
value is believed to be not representative and is omitted
from the mean.
Due to an error in computing the mean, the value
actually used in computing the Sr analyses was 21.60AA./ml.
This is however, different from the actual value by only
0.23%, considerably less than the standard error of the
mean.
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2. Calculations. The concentrations of Rubidium and
Strontium in the analyzed samples were made as follows:
Rubidium: The atomic ratio of normal to spike
rubidium was computed from the relation
85 .0.7215 N + 0.01755
87 , measured 0.2785 N + 0.98255
The abundance in ppm of normal rubidium in the
sample was then calculated as
RbN 63.29 x ml. spike addes x N/s x 0.9838i WT OF SAMPLE
where N/s is the normal to spike ratio computed
from the isotopic dilution run and 0.9838 is
the conversion factor to correct for the difference
in the atomic weights of normal and spike rubidium.
The computation of Strontium is analogous
86 
_ 0.0986 N + 0.83735
88 measured 0.8256 N + 0.06745
for strontium of "normal" (87/86 = 0.712) com-
position. The atomic abundances were appropriately
modified for samples where the 87/86 ratio differed
from 0.712.
SrN 21.60 x ml. spike added x N/sWt OF SAMPLE
Once the weight ratio of rubidium to strontium in
the sample had been obtained, the atomic ratio
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Rb 87/Sr86 for use in age calculations was computed
from it by use of the known isotopic composition by
the Strontium as determined by isotope ratio analysis,
and the relation.
Rb 87/ Sr = K( Rb/ Sr)w
at wt.tS
where K = 0.003255 at. wt. Sr 86
at. fraction Sr
a function of the Sr 87/Sr86 ratio
3. Blank determinations. Two reagent blanks were run
in order to determine the degree of contamination intro-
duced during chemical processing. The results are tabu-
lated below.
Table 4G
Rb and Sr Blank Determinations
Date R S
12/27/61 0.044 0.429
5/22/62 0.392 0.280
The chemical procedure employed in the prepara-
tion of these blanks was in all respects identical to
that used in preparing samples. With the exception of
the second Rb analysis these values agree well with the
average Rb and Sr blanks of 0.066 and 0.249 respectively
reported by Faure (1961) for the same prodedure. The high
value of the second Rb blank is well above the general
laboratory average and is therefore probably ,atypical.
If this value is ignored, the level of Rb contamination
is negligible by comparison with the Rubidium content
of the samples (less than 0.1% of the lowest Rb con-
centration found) and hence no correction is made. A
correction of 0.36 of Strontium is included in the
calculation of all Sr analyses.
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4. Estimate of Reproducibility. Three isotope dilution
analyses were run in duplicate as a check on reproduci-
bility. Separate weighings of sample were used in each
case. The results are reported below in Table 4H.
Values include a duplicate for Rb only on sample R4749B.
Table 4H
Replicate Isotope Dilution Analyses
Sample
R4732
R4742
R4749A
R4749B
Date of
Preparation
3/12/62
4/17/62
12/27/61
2/14/62
11/21/61
12/27/61
12/ 7/61
12/27/61
Rb ppm
154.6
150.5
191.7
193.1
175.3
175.2
64.8
60.4
Sr ppm
292.1
286.8
233.6
237.1
100.9
105.4
173.9
Rb/Sr
0.529
0.525
0.821
0.814
1.737
1.667
0.347
poor determination. Not used in calculation of eatio.
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Standard deviations for the above
quantities were estimated according to 4.04, with
the following results (Table 41 )
Table 4
0- % Remarks
Rb 2.67 1.14 omitting R4749B
Sr 2.02
Rb/Sr 1.86
Since in general the samples on which
duplicate determinations were run were those for which
the first analyses were considered to be of doubtful
quality, an estimate of .2% standard deviation for the
isotope dilution analyses reported in this work is
probably conservative.
5. Sources of Error: In addition to the sources of
error listed for the isotope ratio analyses, the
following must be considered as possible sources of
error in isotope dilution analyses.
(a) Errors in Weighing. This source of error
may have a noticeable effect on the absolute values
of Rb and Sr found, although the errors will cancel
in the calculation of the Rb/Sr ratio. Since weighing.
was done vary carefully on all samples for isotope
dilution, it is doubtful whether the errors involved
are of importance in this work.
(b) Errors in spiking. Spiking was done with
calibrated pipette, carefully cleaned and precon-
taminated before using. Whenever possible the use of
very small volumes of spike solutions was avoided, in
order to minimize the error introduced by inaccurate
volumetric measurement of the solution. (i.e. when
the estimated concentration of sample Rb or St was
such that only a one-ml. aliquot of spike would pro-
vide the optimum normal-to-spike ratio, a larger portion
of sample was weighted out in order to permit utilization
of a 2 ml. pipette, with consequent reduction of the
error introduced by incomplete removal of the solution
from the pipette ).
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Chapter V
Rubidium and Strontium in
Argillaceous Sediments
A. Rubidium. Rubidium in argillaceous sediments may be
considered to have three major sources. These will hereafter
be referred to as detrital, fixed, and adsorbed rubidium.
1. Detrital Rb. Rubidium, occupying potassium sites in
the crystal lattice, may be contained in detrital alkali
feldspars, micas, illites, and mixed-layer clays. This is
in all probability the most important source of Rb in argil-
laceous sediments. However, the addition of substantial
amounts of rubidium to argillaceous materials in the marine
environment by either fixation or adsorption or both almost
certainly does take place. The work of Degens, Williams,
and Keith (1957) indicates a statistically significant in-
crease in the Rb content of marine shales as compared tonon-
marine shaly members of the same stratigraphic sequence.
2. Fixed Rubidium. Rubidium, along with potassium, may
be "fixed" as in interlayer cation in an illitic or mixed-
layer clay structure. Where the material fixing the alkalis
is a degraded muscovite or illite with inherited high inter-
layer charge the fixation tends to be rapid and the expanded
material has a transient existence in the marine environment
(Weaver, 1958c). This is confirmed by experimental results
such as those of Whitehouse and McCarter (1959) who treated
illitic clays with artificial sea water and found an increase
in K content of la % over the first 6 - 8 month period of the
experiment and little or none thereafter. The fixation of
alkalis in this manner causes a contaction of the layer
lattice and a sharpening of the 10 A0 reflection, such as
that observed by Nelson (1959) in the bottom sediments of
the Rappahannock River upon passing from a freshwater to a
saline environment. This process is essentially a recon-
stitution of pre-existing muscovite rather than a diagenetic
growth of new material. Fixation may, however, take place
also in clays with a montimorillouite or mixed-layer structure
and low interlayer charge. This transformation is reconstr-
uctive and therefore probably sluggish. A possible mechan-
ism is that proposed by Yoder & Fugster (1955), namely
with aluminum substituting for silicon in tetrahedral coordina-
tion and a consequent increase in charge which is balanced by
the K ions. That this is a possible diagenetic process is
indicated by the systematic decrease of expandable layer-
material and the simultaneous increase of mixedlayer and il-
litic components with depth discussed by Powers (1959) and
Burst (1959). Hower (1961) suggests that the increasing
dominance of illitic material with age in argillaceous sedi-
ments reported by Weaver (1959) is due to such diagenetic
processes rather than to a change in source environment as
postulated by Weaver.
That this type of fixation may also take place at the de-
positional interface under conditions of slow sedimentation
is indicated from the work of Milne and Earley (1958) and
Grim (1958). Long exposure to sea water permits the necessary
reconstructive reactions to proceed whereas in areas of
active deposition the clay is soon cut off from all but the
occluded water. In the words of Milne and Earley (1958,
pg. 328)
"Alteration of clay minerals in a depositional area can be
expected where the sedimentation rate is slow and sufficient
time is available for chemical equilibria between the sea
water and the clay minerals. In areas of rapid and deposi-
tion, the blanketing effect of overlying clay material pro-
bably reduces the chemical interaction to that which is
possible between the clay and the entrapped water."
In general, however, it seems probable that the dominant
process of alkali fixation in marine argillaceous sediments
is of a reconstitutive rather than a reconstructive nature
(Weaver 1958c, Hurley et al. 1961b).
C. Adsorbed and Occluded Rubidium. Adsorption of alkalis
onto exchange positions of clays is a third possible source
of this element in argillaceous sediments. Due to the smaller
hydrated ionic radius of rubidium, it would tend to be ad-
sorbed more readily than potassium. This preferential ad-
sorption is shown by the generally lower K/Rb ratios, as com-
pared to igneous rocks, reported for kaolinitic clays by
Horstmann (1957) for modern sediments by Welby (1958 amended
1960 by Taylor) and for marine sedimentary rocks by Canney
(1952). In addition, potassium and rubidium may be trapped
in saline interstitial waters and later retained due to the
filtering effect of muds on the K ion as water is squeezed
out of the system (Powers 1959). At least part of the alkalis
adsorbed and occluded in the sediment may later become fixed
during diagenes is.
Following is a table (5A) of rubidium analyses for various
sedimentary materials including the isotope dilution analyses
made for whole-rock shales during the course of this work.
Table 5B is a breakdown of results on the Hamilton shale
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by sedimentary facies.
W", IpRp 4'
Table 5A
Rubidium in Argillaceous Sediments
Material
Kaolinitic
clays
Reference
Horstmann
1957
Montmorillonitic Horstmann
clays
Glauconites
Glauconites
Shales
Fresh-water
Brachish-
water Shales
Marine Shales
Shales and
Mudstones
Hamilton
Shales
1957
Herjog et al.
1958
Hower 1961
Horstmann
1957
Degens et al.
1957
Degens et al.
1957
Degens et al.
1957
Nicholls &
Loring 1962
This work
# Samples
17
13
7
9
26
30
15
30
9
18
Rb ppm
118
25
238
256
156
139
186
281
143
185
Range
10.580
Tr-60
180-310
145-310
70 -280
10-350
60-450
70-600
120-170
153-221
*Remarks
ID
XRF
OS
OS
Os
Os
ID
Table 5A (Cont.)
Material
Hamilton
Argillaceous
Limes tone
Reference
This work
# Samples Rb ppm
83
Range
60 -107
*Remarks
ID
+5pj Concentrates This work
from Shale
Chattanooga
-ohio Shale
This work
OS = Optical spectrography
ID = Isotope dilution
XRF = X-ray flourescence
188
149
168-210
123-195
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Table 5B
Rubidium in Hamilton Shales
Facies # Samples Rb (ppm) 0Rb(ppm)
Gray 5 191 19
(Moscow)
Red 1 193 --
(Kiskatom)
Black 12 182 15
(Marcellus)
The close similarity of these values for variable environ-
ments and rates of deposition, their small standard devia-
tion, and their identity in Rb concentration to the +5.
coarse fractions, suggest that the rubidium economy of the
Hamilton Shales is dominated of a relatively homogeneous
Rb-bearing detritus, and that authogenesis/diagenesis of
new K-Rb bearing clay phases is of relatively minor importance
in the samples studied. The extent to which the Rb content
of these samples reflects rapdi fixation of this element
in degraded pre-existing iiaineral particles cannot be directly
inferred.
B. Strontium. Since, apparently, no process comparable
to the "fixation" of rubidium in clays is operative in the
case of strontium, the bulk of this element in argillaceous
sediments is probably accounted for in terms of a combina-
tion of the following three sources: (a) Strontium present
in detrital phases, (b) Strontium adsorbed onto clay
particles at the time of deposition, and (c) Strontium
precipitated by organic or inorganic processes as a minor
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element in carbonate and/or sulfate minerals -
(a) Sr in Detrital Minerals
Available analytical data indicate that micas are capable
of tolerating trace element strontium in quantities ranging
from a few ppm up to, in rare instances, several hundred ppm.
The work of Deuser and Herzog (1962) on coexisting pegmati-
tic biotite and muscovite indicates that the latter mineral
is somewhat more tolerant of trace Sr than the former. It
is reasonable to suppose, then, that clayey detritus with
significant amounts of finely comminuted muscovite, hydro-
muscovite, and illite may contribute measurable amounts of
strontium on the order of magnitude of 10-100 ppm, to the
total Sr content of an argillaceous sediment. Feldspars,
if present in the silty fraction of a shale, may also contri-
bute materially to the Sr content.
(b) Sr Adsorbed Onto Clay Particles
Adsorption of strontium by clay particles is probably the
major source of this element in most carbonate-poor argil-
laceous sediments. The strontium is for the most part ad-
sorbed into exchange positions in the expandable layers of
montmorillonites and mixed-layer clays. Smaller amounts
may be accounted for by adsorption onto the edges of kaolinite,
illite, and chlorite particles. Grim (1952) gives the base-
exchange capacities of various common clay minerals as follows:
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Table 5C
Base Exchange Capacities of Some Clay Minerals
(After Grim, 1952)
Mineral B.E.C. (Meg./100 grams)
Kaolinite 3-15
Montmorillonite 80-150
illite 10-40
chlorite 10-40
Ormsby and Sand (1954) have used the base exchange
capacity of mixed-layer clays as an index of the montmoril-
lonite (expandable layer)/illite (non-expandable layer) ratio.
This relationship is confirmed also by the work of Hower
(1961) on glauconites, showing a correlation between Sr
content and percent expandable layers in the glauconite.
That the strontium remained in exchange positions even
after prolonged burial and diagenesis is indicated by the
fact that the greater part of the glauconite Sr could be
removed by leahing with 1N NH AC.
The smaller hydrated ionic radius of strontium as compared
to calcium leads to the preferential adsorption of the former
element. This is reflected in the relative values of the
%Sr/%0Ca ratios in noncalcareous shales and sea water of
61.1 X 10- and 20.2 X 10- respectively reported by
Turekian and Kulp (1956).
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(c) Strontium in Carbonate Phases
Strontium enters into sedimentary carbonates in varying
amounts. The important determining factor appears to be
the crystal form of the calcium carbonate, with strontium
preferring the aragonite polymorph. (Lowenstam 1954,
Siegel 1961 and others). Kulp, Turekian, and Boyd (1952)
report an average Sr/Ca atom ratio of 7.1 X 10~4 for lime-
stones and 18.8 X 10~4 for calcareous fossils. This amounts
to 610 and 1615 ppm and ppm by weight Sr respectively for
"pure" CaCO3 material.
In view of these relatively large amounts of strontium
in carbonates, one would expect that a definite positive
correlation would exist between Sr content and CaCO3 con-
tent in argillaceous sediments.
However, Turekian and Kulp (1956) found that the Sr
content-of 69 shales was statistically independent of the
calcium content. It would appear, therefore, that in the
majority of cases the adsorption of Sr ions onto clays over-
shadows the contribution of this element by small amounts
of carbonate.
An exception to this general pattern might be expected
when the overall ion exchange capacity of the sediment was
small, i.e. when little expandable-layer clay was present.
In such a case the influence of carbonate Sr on the total Sr
content of the rock would become relatively more important,
if not the controlling factor. This latter conclusion is
supported by the results presented below.
Twelve samples of Marcellus (Hamilton) Shale were leached
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for several minutes with 2N HCl to remove all carbonate.
The solid residue was then washed and centrifuged, then
transferred to beakers and dried. Samples were weighed both
before and after leaching.
Table 5D
Leaching Experiment on Shales
% Weight Loss
16
28
19
43
2
11
18
13
10
6
4
8
Whole -rock
Sr (ppm)_
163
290
139
300
85
104
172
157
95
68
72
84
These data show a high coefficient of correlation (r = 0.826)
indicating that the carbonate phase probably contributes sub-
stantially to the strontium content of these rocks.
Following is a summary of the strontium contents of shales
determined in this work together with selected analyses from
the literature.
Sample
R4727
R4732
R4734
R4743
R4760
R4916
R4917
R4997
R4727A
R4739
R4740
R49 21
Table 5E
Strontium Content in Argillaceous Sediments
Reference
Shales
Shales
(noncalcareous)
Shales and
Mudstones
Hamilton
Shales &
Argillaceous
Limestones
Noncalcareous
Hamilton Shales
Chattanooga-
ohio Shale
+5. Concentrates
from Shales
# Samples
Turekian & Kulp
(1956)
Turekian & Kulp
(1956)
Nicholls &
Loring (1962)
This work
This work
This work
This work
Included in preceding entry
Optical spectrography
Isotope dilution
Material
69
35
20
9
Sr(ppm)
300
245
64
136
81
127
157
Range
28-1513
28-1513
35-120
68-300
68-95
72-184
79-381
Remarks
O.S.
O.S.
O.S.
I.D.
I.D.
I.D.
I.D.
*
O.S.
I.D.
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The strikingly lower strontium content of the Hamilton
shales as compared to that of Turekian & Kulp's "average"
shale is most probably due to a low proportion of expandable-
layer clays in the mineralogy of these shales. This is con-
sonant with the dominantly quartz-illite mineralogy of the
Marcellus and Moscow shales reported in the Survey of Clays
and Shales of New York State (N.Y. State Dept. of Commerce,
1951). A similar situation probably is reflected by the
data of Nicholls and Loring (1962) on shales and mudstones
from a British Pennsylvanian cyclothem. They report low
strontium content (mean 64 ppm) in rocks with a normative
mineralogy dominated by quartz, illite, and kaolinite.
The high average Sr content for the +5. size fractions is
due to the presence of one sample (D4742) with 381 ppm of Sr.
The other three samples have Sr contents of 78.6, 80.6, and
87.2 ppm Sr. This probably represents only non-exchangeable
Sr, in view of the rigorous processing involved in separating
the "detrital" concentrates. The average of these three
values, 82.1 ppm, is statistically identical to the average
Sr content of the noncalcareous Hamilton samples. The
significance of the data on the +5. fractions will be dis-
cussed further in Chapter six.
C. Summary. Argillaceous sediments, upon entering a marine
environment, will acquire varying proportions of "authi-
genic" Rb and Sr, the actual amounts of these elements added
to the sediment depending upon a complex of geochemical
factors, the most important of which are as follows:
1. The degree to which finely comminuted muscovite and
related layer silicates (illite, etc.) in the detritus have
been stripped of interlayer cations during weathering and
transportation, giving rise to a rapid fixation of alkalis
in the marine environment.
2. The amount expandable-layer clay (e.g. Montmorillonite)
available in the sediment for adsorption of Rb and Sr ions
from sea water.
3. The degree to which conditions at the site of deposi-
tion favor precipitation of carbonate minerals (especially
aragonite) containing trace-element strontium.
After deposition and burial, diagenetic processes may af-
fect the clay-mineral assemblage present in the shale, but
are unlikely to have a significant effect upon the abundance
of rubidium and strontium in the bulk shale.
The remarkable uniformity of rubidium content, and, in
carbonate-free samples, of strontium content also, in the
Hamilton Group shales suggest that the dominanat sources of
Rb and Sr in these rocks are detrital material, rapid fixa-
tion of alkalis, and precipitated carbonates. Adsorption
phenomena are probably relatively unimportant in most of these
samples, as indicated by low content of Sr as compared to
other analysed shales.
With the exception of a single sample (R4742, Rb = 192.4
ppm, Sr = 235.5 ppm although low in carbonate) and its +5p,
concentrate (D4742), there is nothing in these data that
seriously jeopardize the assumption of a uniform detrital
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component in these rocks. Strontium isotope data, discussed
in detail in the following chapters, also show R4742 to be
unique.
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Chapter VI
A. Geology of the Hamilton Group
The Hamilton Group of New York and Pennsylvania, from which
the samples used in this section of the investigation were
taken, is a roughly wedge-shaped sequence of clastic and
carbonate sediments representing the major part of Middle
Devonian (Erian) in these areas. Strata of this Group in
New York are essentially flat lying, save near the eastern
end of the outcrop belt where southwesterly dips of one
to four degrees are observed (Cooper 1929). In Pennsylvania,
Appalachian folding has affected the Hamilton, repeating the
outcrop belt several times in the central and south-central
part of the state. Metamorphism in the course of this
folding has, however, been negligible.
The Hamilton has been divided into four formations (Mar-
cellus, Skaneateles, Ludlowville, and Moscow) in New York
State (Cooper 1929) and two (Marcellus, Mahantango) in
Pennsylvania (Schuchent 1943). The lithologies in the
Western and southern areas of occurrence is dominated by gray
and black shales and limestones, frequently containing consi-
derable bituminous material and sulfides. Eastward and North-
ward the Hamilton thickens and the lithologies changes in the
direction of a more arenaceous sediment with occasional shales
and limestones, save at the base where black Marcellus shales
persist. In the Catskill region at the Northeast corner of
the outcrop belt the Hamilton is dominated by the red and
green shales and sandstones of the Kiskatom deltaic facies
(equilvalent to the Shaneateles, Ludlowville, and Moscow
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further west according to Schuchent, 1943).
Total thickness of the Hamilton and its equivalents
ranges from about 200 feet in extreme Western New York and
Pennsylvania to nearly 3000 feet in an area immediately
south of the Catskills at the Northeastern limit of outcrop.
The isopach and lithofacies maps for the Erian Series pre-
sented by Sloss, Dapples & Krumbein (1960) pg. 20 strongly
indicate that the dominant source of sediments was in this
latter area.
According to Mencher (1939) the most probable source of
the Catskill (including Kiskatom) sediments, and hence by
inference the Hamilton also, was in an area of metamorphic
and sedimentary early Paleozoic rocks to the North and East
of the present Catskill area. The dominantly sedimentary
and low-grade metamorphic aspect of the Taconic area is not
incompatible with the quartz-illite mineralogy reported for
the N. Y. State Hamilton (N. Y. State Dept. of Commerce,
1951); recycled illites and fine-grained muscovites, derived
from a relatively young source and partially degraded and
reconstituted, are the most attractive explanation for the
geochemical and isotopic data reported herewith.
The only definite evidence of volcanism during or immedi-
ately preceding Hamilton time is the persistent Bentonite
bed near the top of the Onondaga formation near the lower
contact of the Marcellus, reported by Flowers (1952)
Fettke (1952) and Oliver (1954). However, in Niew of the low
Sr 8 7 /Sr 86 ratio measured in the limestones in this study
U.- III I -~ I ~EtTTr -.---
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(see Ch. 9), it seems probable that much of the sea-water
strontium during this time was derived from the weathering
of volcanic material.
All evidence points to deposition of the Hamilton on a
relatively stable continental platform with a rising land
mass to the East, a situation which Kay (1951) refers to
as an exogeosyncline. The paleogeographic maps of Schuchert
(1955) show the area covered during Middle Devonian time by
an eastward embayment of a long, narrow inland sea. Water
depths were evidently generally shallow, although depths of
several hundred feet may have been present during Marcellus
time (Rich 1951).
Samples used in this study were collected from the
Marcellus and Moscow Formations, with one sample from the
Kiskatom red shales. Due to the persistence of an argilla-
ceous lithology over its entire geographic extent, the
majority (13 or 20) of the samples used were taken from
the Marcellus.
All but four of the samples were taken from the outcrop
belt running E-W across Central New York State, in which the
Hamilton is essentially flat-lying. The remaining four
samples are from various localities in Pennsylvania where
the Hamilton is structurally disturbed but displays no
visible effects of metamorphism other than slight development
of slaty cleavage in some areas. Care was taken to obtain
only fine-grained shale samples without visible silty
layers or other inhomogeneities.
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Descriptions and localities for the individual samples
are given in Chapter 10.
B. Geochronological Data. The rubidium/strontium ratios
and isotopic compositions determined for the Hamilton Shale
samples are presented below. The data are analyzed with
respect to the Rb87 /Sr  versus Sr 87 /Sr8 6 diagram (Chapter II).
The statistical methods used are taken from Youden (1951)
and summarized in Table 6A. The uncorrected data are examin-
ed in this section and in the following sections (6C and 6D)
the corrections proposed in Chapter II are applied and the
results discussed. Due to its obviously unusual isotopic
composition, Sample R4742 is omitted from the following
calculations; the analytical data for this sample are pre-
sented and discussed in Section 6E.
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Table 6A
Statistical Formulae Used in Age Calculations
For line ; the relations
A (z X)(E_'y)- (zy )(zx)
- N (2)
N Xy y -- xrY
define the "least squares" approximation to parameters a
and b. Standard deviations for these quantities are given
by
A I .
X 2LN p'
.0 N
2L__2_
For fixed intercept a = 0,
rS 2
,(z XY -R 27y
.; ....4E X
61= f XY
(Y X )*
X
"A
X JL
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Table 6A (Cont'd.)
standard deviation of a sum or difference is given by
a-D =a, 1- 0
in the following calculations:
y F = Sr~/45r"' - 0. ToPS a
If the raw data for the Hamilton shale Table 6B Fig. 6.1
are fitted with a least-squares line, the apparent age and
initial ratio are:
(S 7/ 9&.), -= o .~7% I. 0 -0C)0 3
Alternatively, if we set (87/86) = 0.7089 (Y=0) the apparent
age is correspondingly greater, i.e.
Ea - 4c7 * 5- /.viiy.
The standard deviation on t2  is small due to the fact
that the error in (87/86)0 is not taken into account. Since
the standard deviation of the mean for the Sr8 7 /Sr8 6 ratio
in limestones (see Chapter 9) is approximately 3% of the
mean value of Y, it will introduce an error at least this
large into the estimate of t2, hence a more conservative
estimate of the standard deviation of t2 namely + 15 m.y.,
will be used.
-111-
Table 6B
Whole-Rock Hamilton Shale Data
Sample
R4727
R4727A
R4729
R4732
R4734
R4739
R4740
R4741
R4743
R4749A
R4749B
R4749C
R4755
R4760
R4916
R4917
R4918
R49 21
R4997
(excluding R4742)
Rb ppm
163.0
189.6
193.5
152.5
188.9
186.5
172.9
183.9
106.2
175.3
60.4
180.8
221.9
174.1
195.3
168.2
195.3
213.7
191.3
Sr ppm
162.5
94.8
88.0
289.5
139.1
67.9
71.5
81.8
299.8
103.1
173.6
96.2
80.7
85.1
103.8
172.2
134.2
83.5
157.1
Rb87 /Sr86
2.909
5.809
6.391
1.527
3.941
7.990
7.031
6,531
1.026
4.935
1.008
5.457
7.997
5.943
5.467
2.833
4.224
7.439
3.509
* Mean of duplicate determinations
+ Normalized Ratios
Sr 8 7 /Sr86
0.7265
0.7431
0.7485
0.7175
0.7344
0.7570
*
0.7533
0.7444
0.7155
0.7376
0.7162
0.7388
0.7575
0.7435
0.7435
0.7264
0.7362
0.7515
0.7298
P--- - --- - - -on" M
0.760
0.730
0.710
2 4 8
Rb" 7/Sr 86
FIG.6.1 HAMILTON SHALE DATA
This value (407 + 15 m.y.) would be meaningful as an
estimate of the true age of the Hamilton only in the un-
likely circumstances that the initial ratios R and R
of the "detrital" and "authigenic" components of the sample
strontium were identical. The fact that this pseudo-age
is, by comparison with the time-scales of Kulp (1961) and
Holmes (1961), obviously high for the Middle Devonian,
serves to confirm what was to be expected on geological
grounds, namely that R is higher than R2
With reference to figures 2.3 and 6.1, if a line is
drawn^through R2 such that all points on the diagram lie on
or above this line, the slope will be equal to or greater
than that of the true isochron R2A (fig. 2.3), and hence
will represent an upper limit to the true age.
This is equilvalent to saying that the sample having the
lowest calculated age using an initial ratio of R 2 provides
a maximum estimate of the true age. The sample giving the
lowest apparent age on this basis is R4741 (
(Rb8 7/Sr8 6 = 6.53 + 0.13, Sr8 7 /Sr8 6 = 0.7444 + 0.0020).
Using R2 = 0.7089 + 0.0009, the age calculated by equation2
2.08 withX, = 1.47 X 10l1 is
MAY37o*2srey)'
This is the best estimate of the true age which can be
made without the application of a correction. The two
methods of correction discussed in Chapter II will now be
tested using these data.
I I ~ I I ~
C. Model Age Correction to Hamilton Data.
1. Estimation of Parameters
In the proposed approximate age corrections
it is necessary to estimate values for the parameters Sr,
and R., which cannot be directly measured. This was done
as follows for the Hamilton Shale Data. From the twenty
(nineteen excluding R4742) analysed samples, the ten with
the highest Rb/Sr ratio were selected. Apparent "ages"
were calculated for these on a basis of an 0.7089 initial
ratio (mean value for measured limestones). From these ten
samples the five showing the highest "age" were selected.
This procedure is designed to select the one quarter of the
total sample population having the least authigenic Sr, in
order to arrive at a rough approximation to the line D'B'
Fig. 2.3). Sr, is then taken as the average Sr content of
these five samples, and R0 as the calculated intercept of
the least-squares approximation to D'B'.
Using the statistical methods summarized in Table 6.1,
and samples 4729, 4739, 4740, 4755 and 4916, chosen by the
above criterion, the values of the parameters Sr, and R0
are calculated to be
C? O01i *C OOX3
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The large standard deviation of R4 is due to the small
range of Rb/Sr ratios in the selected samples. Taking R0 as
the measured value for limestones (Chapter 9) of 0.7089 +
0.0009, the difference of ratios becomes
,"-R O.73 * o o -0.  1:*O ooi
0. 0 o A 0. 0 0-o 4
2. Calculation of Correction
The quantity t - T is then calculated for each sample,
and a weighted mean computed. (Table 6B). This weighted mean
is preferred to the raw mean since the estimated age is
weighted in the same manner.
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Table 6.C
Computation of Mean Age Correction
_____ 
7__ R 8 7/S 8 6  87 86 T
Sample - T Rb87_8 Rb /Sr (t
R4727 5.94 2.909 17.279
R4727A 5.10 5.809 29.626
R4729 5.00 6.391 31.955
R4732 6.35 1.527 9.696
R4734 5.12 3.941 20.178
R4739 5.19 7.990 41.468
R4740 5.60 7.031 39.374
R4741 5.26 6.531 34.353
R4749A 5.52 4.935 27.241
R4749B 16.02 1.008 16.148
R4749C 5.35 5.457 29.195
R4743 9.11 1.026 9.347
R4755 4.36 7.997 34.867
R4760 5.56 5.943 33.043
R4916 4.95 5.467 27.062
R4917 5.75 2.833 16.290
R4918 4.95 4.224 20.909
R4921 4.53 7.439 33.699
R4997 5.06 3.509 17.756
114.72 91.967 489.486
raw mean 114.72 = 6.04 X 107
weighted mean =I f(()( sr
_____ 
5?3Z,(Ix
44i '(7
-117-
Due to the standard deviation of 48% in the quantity
(Ro - RO), the mean age correction must be assigned an
estimated standard deviation at least as large. Since the
S. D.'s of the other parameters in equation 2.17 are small
by comparison, an error of 50% (roughly 27 m.y.) will be
assumed for the calculated correction, i.e.
If this correction is then applied to the apparent age calcu-
lated in the previous section, we have as follows
C = 4o'7 *(5~ /m-y.
therefore T = (407 + 15) -(53 + 27)
= 354 + 31 m.y.
with errors combined according to the relation
Discussion of Assumptions
(a) Homogeneous Detritus. The assumption of detritus
homogeneous with respect to Rb/Sr ratio and to Sr isotopic
composition, which is used in the model age correction, is,
in a strict sense, unrealistic from a geological viewpoint.
Although the clastic material in the Hamilton rocks is
probably, in view of thickness and facies data, dominantly
derived from a single source area, this nonetheless does not
1111*1*'** 'U -U Ii Iii
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assure complete homogenization. A possible modern analogy
is provided by the Mississippi Delta sediments studied by
Hurley et al. (1961) with respect to their K-A apparent ages
and Taggart & Kaiser (1960) with respect to their clay mineral-
ogy. The presence of a horizon in the prodelta sediments
showing a considerably different clay mineralogy and an ap-
parent K/A age nearly twice that of the other sediments was
detected and it is suggested by Taggart & Kaiser that this
represents a temporary dominance of sediments derived from
the Red River rather than the Mississippi. If a similar
situation existed within the Hamilton sediments gross de-
partures from the assumption of homogeneous detritus might
be expected.
Sedimentary differentiation by size and mineral composi-
tion is another possible source of error in this assumption.
If apparent age of the detritus varied substantially with
particle size, unless all samples used contained the same
proportion of the various sizes,the apparent whole-rock age
would vary from sample to sample. Although this variation
of apparent age with size fractions appears to be well
established for K/A measurements (Evernden et al. 1959,
Hurly et al. 1961, Hower, et al. 1962) this effect
seems to be subdued or absent in the Rb/Sr measurements made
in this work.
Variations in the rate of deposition of water-borne clastics
may also be a significant factor. If the rate of deposition
were very slow, the contribution of wind-borne clastics from
various different source areas might introduce serious
inhomogeneities into the Sr isotopic composition, as has been
observed for lead isotopes in slowly deposited deep-sea sedi-
ments by Chow & Patterson (1962). The unusual Sr isotope data
for sample R4742 in this work are believed to be a case in
point. The sample is a black, bituminous, pyritic shale from
the Oatka Creek (Marcellus) horizon in the type section at
Leroy, N. Y. The particular sample was taken from the upper-
most foot of shale just below the overlying Stafford lime-
stone. The Stafford is a clean, gray limestone with a very
low clastic content, indicating a slow rate of clastic de-
position. If the abrupt upward transition from shale to lime-
stone was due to an increase in the rate of carbonate deposi-
tion rather than an abrupt cessation of clastic deposition,
the slow rate of deposition indicated by the limestone may be
extrapolated downward into the shale. This would allow wind
blown detritus from the older Cratonic land mass to the North
and West to make a substantial contribution to the clastic
content of the rock. The fact that the Oatka Creek shale
has its least thickness in this area (Sutton, 1951) is in it-
self an indicator of slow deposition. It should be noted,
however, that a second sample (R4743) taken from the same
outcrop one or two feet below R4742 shows no unusual isotopic
composition.
(b) Closed Chemical System. The assumption that these
shales have remained a closed chemical system since deposi-
tion is likewise a critical one. The most obvious ways in
which a shale might gain or lose rubidium and strontium is
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through the activity of mobile pore solutions. However,
the low permeability of fine grained shales, in addition to
the presence of varying amounts of pore-filling carbonate
cement and/or bituminous material in most of the samples
studied would tend to minimize this effect.
In addition, the Hamilton is a flat-lying formation giv-
ing no evidence of metamorphism or igneous intrusion nor of
unusually deep burial. Hence metasomatic processes, if they
have occurred at all, have probably had negligible effect.
The loss of rubidium and strontium along with interstitial
water upon lithification is probably negligible due to the
filtering effect of clay materials mentioned by Powers (1959).
Even if important accounts of these elements were lost in
this manner, if lithification took place relatively soon after
deposition the overall effect upon the apparent age relation-
ships of the sample would be unimportant.
(c) Further Assumptions.Implicit in all this discussion
is the treatment of the Hamilton as representing a point
rather than a span of geologic time. Since in the areas
sampled the Hamilton represents the entire Middle Devonian
with the exception of the Onondage and the Tully, the actual
span of time represented may actually be on the order of
ten to twenty million years. The possible increase in the
scatter of points on the diagram due to this fact must be
considered, but is probably not important by comparison with
errors introduced through inhomogeneous detrital material
and/or analytical uncertainties.
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Conclusions. The probable inhomogeneity of the detrital com-
ponent is expected to be the dominant source of error in
age determinations using the proposed model. However, the
apparent close fit of the data to the pattern predicted
by the model, with only one sample showing a gross departure,
appear to justify the use of this model to obtain a rough
estimate of the age of these rocks. The age so arrived at,
354 + 31 m.y., is compatible within the limits of error with
the published time scales of Holmes (1961) and Kulp (1961),
and in remarkably close agreement with the results obtained
by M. Bottino (personal communication) on the Upper Lower
Devonian (Oreskany) Kineo Rhyolite from Maine, 350 + 10 m.y.
For purposes of comparison a table of published Devonian
age determinations from various sources is included here.
Table 6D
Material
Biotite, from
Granite intruding
Upper Lower Dev.
Two localities
in Nova Scotia
Biotite from
Quartz monzonite
near Jackman, Me.,
intruding
Lower Devonian
Lower Dev.
(Oriskany)
Seboomook
Slate, Jackman
Me.
(Whole rocks,
ave. of 4 samples)
Method.
Rb/Sr)
K/A )
K/A
Age (m. y.
355 + 11
364 + 10
K/A 365
Reference
Fairbairn
et al., 1960
Hurley, e t
al. 1959
Hurley
et al, 1959
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Table 6D (Cont'd)
Material
Biotite from
bentonite bed
in Chattanooga
Shale (U. Dev.)
Ditto
Chattanooga
Shale, U. Dev.
(Whole rocks)
Biotite from
Rhyolite, Dev.-
Miss. Boundary
Snobs Creek,
Australia
Method
K/A
Rb/Sr
U/Pb
K/A
Age(m.y.)
340 + 7
385 + 40*
350 + 15
340 + 10
* Recalculated to A Rb91 = 1.47 X 10ll
5-micron size Fractions.
1. Analytical Results & Discussion. Four +5-micron con-
centrates were prepared as described in Chapter 3. These
were analysed for rubidium, strontium, and Sr isotopic com-
position in the same manner as the whole-rock samples.
Table 6.9 below is a summary of the analytical results.
Reference
Faul (1960)
Adams et
al (1958)
Cobb (1961)
Evemdetr
et al (1961)
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Table 6.E
Analysis of +5 Fractions
Rb 87Sr8 6
6.039
7.189
7.003
1.374
Sr 8 7 Sr 8 6
0.7472
0.7520
0.7512
0.7230
With the exception of D4742, to be discussed in detail
in the next section, these coarse concentrates are quite
similar to many of the non-calcareous whole-rock samples
with respect to the measured quantities. A comparison of
the average Rb and Sr concentrations and Sr isotopic com-
position of threeof the coarse concentrates and the nine
non-calcareous whole-rock samples is shown here in
Table 6E.
Comparisor
Table 6F
of Coarse Fraction
And Whole Rocks
Rb
3 + 5P 190.7
Fractions
9 non-calcareous 192.4
shales
Sr
82.1
84.1
Rb8 7 Sr8 6
6.744
6.649
Sr87 /r 8 6
0.7501
0.7491
The close similarity is remarkable. Also, the points for
the individual concentrates D4727, D4732, and D4734 all lie,
within experimental error, on the least-square approximation
to D'B' as calculated in the previous section. The mean
Sample
D4727
D4732
D4734
D4742
Rb
167.5
194.4
210.3
180.2
Sr
80.6
78.6
87.3
380.5
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apparent age of these three coarse fractions (416 + 15 m.y.)
is significantly different neither from the apparent age of
the nineteen whole-rocks samples (407 + 15 m.y.) nor that of
the whole-rock samples from which they were extracted
(R4727, R4732, R4734, tapparent = 412 + 16 m.y.)
This evidence strongly indicates that the variation of ap-
parent age with grain size in these samples is not detectable
with the available experimental precision. The inference
is that if a fine clay fraction with younger apparent age
exists, it plays a very minor role in the overall Rb-Sr
economy of the rock. The presence of such material could be
detected only by reducing the lower particle size limit of
the coarse fraction to a point such that only a very small
proportion of the total sample remained in the fine fraction.
This does not imply that the overall abundance of authigenic
Rb in these rocks is necessarily small, but only that it is
not noticeably concentrated in the finer size ranges. This
is not unexpected; Weaver (1958c) remarks that
"the ability(of weathered Muscovite) to collapse (i.e. to
fix alkalis) is less in the finer grains sizes, suggesting
that when weathering is sufficiently severe, the high lattice
charge can be destroyed." (pg. 843).
If, as seems likely, rapid fixation was the dominant process
of alkali addition in these rocks, no substantial decrease
of apparent age with grain size would be expected.
In view of this evidence, the application of a correction
for "detrital" material by the subtraction of an average
coarse fraction from each of the analyzed samples by means of
equation 2.19 or equations 2.20 does not appear warranted.
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It can be domonstrated that such a correction in the case
of these data merely increases the scatter of points on
the diagram and does not substantially reduce the apparent
isochron age.
However, the potential usefulness of such a correction may
be illustrated by considering a group of three samples from
the same outcrop (R4727, R4727A, R4728). In this restricted
case, the coarse concentrate D4727 does have an apparent age
in excess of that shown by the whole-rock samples. The
analytical data are as follows (Table 6W).
Table 6G
Data for Three Samples From
the Same Outcrop
Sample
R4727
Bakoven
Shale,
calcareous
Sr pon
163.0
R4727A 189.6
Bakoven Shale,
non-calcareous
R4728
Onondaga
Limes tone
D4727
+5 L con-
centrate
from R4727
Nil
167.5
162.5
94.8
Large
80.6
2.909
5.809
0.7265+
0.7431+
Remarks
167. weight loss
with 2N HCl
leach
10% weight loss
with 2N HCl
leach
0.7100
6.039 0.7472 34.8% of
R4727 by weight
+ Duplicate analyses
II
iff
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The "detrital" component is then subtracted by use of
equation (2.20) to give for R4727 and R4727A the following
Table 6H
Estimated Data for -5i Fines
Rb Sr Rb 87Sr8 6  Sr8 7/Sr8 6
R4727 160.5 206.3 2.257 0.7222
R4727A 202.7 103.2 5.703 0.7414
using X = 0.348 for R4727 and a corrected value X = 0.372
for R4727A based on the assumption that the amount of
"detrital" component is directly proportional to the total
amount of insoluble matter in the sample.
The isochrons for both corrected and uncorrected data are
then calculated by least squares using the limestone R4728
as the third point on the isochron in each case. The re-
sults are
Uncorrected data: t = 388 m.y.
(Sr87 /Sr8 6 ) = 0.7100
Corrected data: t = 375 m.y.
(Sr8 7 /Sr86  = 0.7099
Since the error on the original isochron age due to the un-
certainties in the 87/86 ratios is probably in the neighbor-
hood of + 15 m.y., and the uncertainty in the corrected age
probably larger, the difference in the corrected and incor-
rected estimates cannot be considered statistically signifi-
0.730-
R4727
R4728
0.7 0 0 
R
2 4 Rb87 Sr 86F TR
FIG 6 2 ILLUSTRATION OF DETRITAL CORRECTION
-129-
cant. However this calculation serves as an illustration
of a first correction to the apparent age of subtraction
of a coarse component. A more refined correction could be
achieved by taking several batches of whole-rock sample and
dividing them at successively smaller particle sizes. The
corrected "ages" could then be plotted versus limiting particle
sizes and the trend extrapolated to zero particle size. This
approach must be used with considerable caution, in that
when the coarse fraction becomes larger with respect to the
remainder of the sample, the calculated values of Rb, Sr,
and isotopic composition in the fines become increasingly
sensitive to errors in the determination of these quantities
in the whole-rock and coarse fraction.
E. Sample R4742-D4742. Both the whole-rock sample R4742
and its +5p concentrate D4742 show analytical results widely
at variance with the other Hamilton samples studied in the
course of this investigation. The results are summarized
in Table 6H below. The -5p fine fraction is calculated on
the basis of equations 2.19 and value of X = 0.578 (23.1 g.
of coarse fraction recovered from 40.0 g. of raw sample).
Table 61
Sample R4742-D4742 Sr87 /Sr86
R8 7/S 8 6  S 87/S 8 6  Sr/SRb ppm Sr ppm Rb /Sr Sr /Sr 354m.y.B.P.
Whole 192.4* 235.5* 2.371 0.7350+ 0.723
-rock
+5 180.2 380.5 1.374 0.7230 0.716
~553L
-130-
Table 61 (Cont'd)
S 87 86  S 87  r_ r
87 /Sr8 6
Rb pm Sr ppm Rb8Sr86 Sr8fSr 354m.y.B.P.
-5 209 37 16.62 0.904 0.818
(Calculated)
*
Mean of duplicate analyses
+ Mean of triplicate analyses
These data are noteworthy in two respects:
(a) The significantly different isotopic composition of
the strontium in this sample at the assumed time of deposi-
tion (354 m.y.B.P.) relative to that of the other samples
measured, and
(b) The evident concentration of the 87-enriched Sr in
the finer particle sizes. The apparent age of the sample
based on the calculated fine fraction is actually greater
(800 m.y.) than that of the whole-rock sample (750 m.y.).
The former discrepancy is definite evidence that the
assumption of a uniform detrital component is not valid
in this particular case. The possible reasons for this are
discussed above in Section 6C. The latter problem is most
easily explained on the basis of the presence of authigenic
feldspars. Examination of two thin sections cut from R4742
reveals the presence of large, clear, roughly rectangular
grains with low interference colors. These are not seen in
sections prepared from other samples of Hamilton Shale.
It is likely that these are authigenic feldspars similar to
those reported by Bates and Strahl (1958) from the Chattanooga
shale and by Hoover (1960) from the Ohio shale. The problem
of authigenic feldspars is discussed by Baskin (1956) and
by Teoderovich (1958). The majority of observed occurrences
are of potash feldspars, with rarer instances of sodic
plagioclase. Baskin (1956) reports that both authigenic
potash feldspar and authigenic plagioclase are low in cal-
cium; however the substitution of Sr for Ca, favored by the
relatively high Sr/Ca ratio in argillaceous sediments
(Turekian & Kulp, 1956) and, in potash feldspar, by the more
favorable ionic radius of Sr, could account for the observed
Sr concentration.
The strontium entering into authigenic phases will presum-
ably be drawn largely from the loosely-held exchange ions
on the surfaces of the clay particles rather than from the
less available, radiogenic-enriched strontium in detrital
mineral grains. Since these presumed authigenic feldspars
are for the most part considerably larger than the +5p size
limit, ,the net effect of their presence will be to lower the
apparent age of the coarse fraction relative to the fine,
as observed for this sample.
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Chapter VII.
Ohio-Chattanooga Shale
A. Introduction: A suite of core samples from a
100' section of the Ohio-Chattanooga black shale in Rock-
castle Co., Kentucky was donated by Mr. Preston McGrain
of the Kentucky Geological Survey. Several of these
have been analysed for Rubidium, Strontium, and Sr
isotopic composition in the course of this work to
determine whether age determinations by the Rb/Sr
method are feasible for this material.
B. Geology: Black shale formations of Upper
Devonian-Lowermost Mississippian age occur commonly
throughout the Central and East-Central United States.
These are variously called the Ohio Shale (Ohio,
Kentucky), the Chattanooga Shale (Tennessee, Kentucky,
Alabama, Georgia) the Atitrim Shale (Michigan), the New
Albany Shale (Indiana, Illinois)and the Mountain Glen
Shale (Illinois, Missouri.) The thickness of these
shales is quite variable and dependent upon the topo-
graphy of the surface on which they lie (unconformably
increases
in most areas), although generally thickness/to the
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North and East toward the areas of the Upper Devonian
Deltas deposition (New York and Pennsylvania). This is
indicative that the primary source of clastic material
in these shales was in this direction, although in areas
at great distances the contributions of locally derived
detritus and wind-borne clastics was no doubt a major
factor (Conant and Swanson, 1961).
Thicknesses range from less than the foot in
some areas of Tennessee and Alabama to several thousand
feet in Eastern Ohio. (Conant and Swanson, 1961; Hoover,
1960). Thickness of the section in Rochester Co., Ken-
tucky, from which the present samples.were obtained, is
100 feet. Since it is generally believed that this
formation represented the entire Upper Devonian and
possibly also the lowermost Mississippian, the rate of
deposition in areas far from the main clastic source
was apparently very slow.
Lithology of the Ohio-Chattanooga rocks is
dominantly black, bituminous, pyritic shale with occasional
bands of gray shale. Carbonate is relatively unimportant,
save for occassional bands of calcareous shale and (rarely)
limestone or dolomite, mostly in the lower part of the
section. Mineralogy is dominated by fine quartz, clay,
pyrite and organic matter; clastic micas and feldspar of
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mixed autogenic and detrital origin are abundant in some
samples, clay mineralogy is dominatly illiticwith minor
chlorite and kaolinite (Bates and Strahl, 1957; Hoover,
1960; Conant, and Swanson, 1961).
Deposition is believed to have taken place in
the stagnant bottom waters of a shallow continental
sea which spread over a peneplain of earlier Paleozoic
rocks during this Upper Devonian. In many areas of
Tennessee and Alabama, only the Upper units of the
shale are present, indicating progressive inundation
of the peneplain during the Upper Devonian (Conant and
Swanson, 1961).
C. Analytical Data: Table 7A is a summary of the
data on the five samples analysed in the course of this
work. The data are shown graphically in Fig. 7.1.
Errors, in view of the fact that these data are single
analyses only, are assumed to be +0.002 for the
87 86Sr /Sr ratios (see discussion in Ch. IV),
I.-
Table 7A
Ohio-Chattanooga Shale,
Distance from
base of shale
21'
13'
10'
9'
94'
Description
Gray
claystone
Black shale
Dolomite
Calcareous
black shale
Black shale
Rockcastle Co, Ky
Rb (ppm)
194.6
174.6
Sr (ppm)
184.2
132.6
Rb 87/Sr86
3.065
3.823
nil
123.1
144.1
118.4
71.5
3.017
5.854
Sr 87/Sr 86
0.7315
0.7383
0.7124
0.7327
0.7425
Apparent "ages" based on eq.
R4902
R4904
R4906
2.08, (Sr 87/Sr 86 )=
424 ± 63 m.y.
458 + 64 m.y.
461 1 51 m.y.
R4912 350 - 33 m.y.
Sample
R4902
R4904
R4905
R4906
R4912
0.7124
2 3 4 5 6
Rb 7/Sr
FIG.71 OHIO- CHATTANOOGA SHALE
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D. Discussion: The apparent ages based on the
individual samples are obviously too high with the ex-
ception of R4912, for which the apparent age of 350 -1 33
m.y. (necessarily a maximum) is in good agreement with
the 320-350 m.y. age reported by Ccbb (1961) from
V/Pb data and with the 340 - 7 m.y. K/A age reported
by Faul and Thomas (1959) and Faul (1960) for biotite
from the bentonite horizon within the Chattanooga des-
cribed by Hass (1948). It is evident that insufficient
data are available from the five analysed samples to
permit application of the model age correction. How-
ever, the pattern of the data is compatible with the
assumptions of the model. In Fig. 7.1, the age is
assumed to be 340 m.y., 0.7124 is taken as R20, and
R4904 is used as point D'. The resulting value of R 0
about 0.719, is not unreasonable.
An alternative explanation for the observed
pattern of data may be based partly upon the difference
in age represented by the stratigraphic separation of
R4912 and the other samples, and partly upon a change
in the provenance of the sediments in favor of younger
clastic constituents. The latter factor could be due
to a combination of two circumstances.
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(a) Increased erosional activity in the
primary source region to the Northeast, as evidenced by
the Westward transgression of coarse clastic facies in
the Upper Devonian of New York and Pennsylvania, and
(b) Increased distance of the central Ken-
tucky region from the Southern and Western shores of
the Chattanooga sea as the Upper Devonian progressed,
as indicated by the onlap of successive units of the
Chattanooga onto older beds to the West and South.
(Conant and Swanson, 1961).
Summary: The data presented above sugest that the pro-
posed model age correction is applicable in the case of
the Upper Devonian black shale sequence. However con-
siderably more work must be done in order to actually
calculate an age. Also of interest would be a survey
of stratigraphically equivalent sample over a wide geo-
graphic area to determine if possible whether a systematic
variation of initial ratios due to varying provenances
of the detritus exists. The large area in which the
Chattanooga-Ohio shale and its equivalents are found
makes this horizon ideal for a study of this type.
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Chapter VIII
Limestone Measurements.
Four samples of Middle Devonian (Erian) limestone from
beds closely associated with the Marcellus Shale Formation
(Lowermost Hamilton) were analyzed for Sr87/Sr86 isotope
ratios. These results'serve two purposes:
(a) To provide an initial ratio for use in age calculations
on the Hamilton shales.
(b) To provide additional basis for speculation as to the
geological conditions prevalent during the Middle Devonian.
The results are as follows:
Table 8/A
Erian Limestone Data
Date
1/4/62
5/24/62
12/23/61
2/22/62
12/21/61
1/6/62
Sample
R4728
R4735
R4744
R4762
Sets
96
96
102
102
96
102
96
96
Mean Values Grand Mean
Standard Deviation
(a)
0.7100
0.7086
0.7067
0.7103
= 0.0009
3/2/62
6/2/62
86/88
0.1194
0.1203
0.1191
0.1190
0.1194
0.1186
0.1185
0.1196
87/86
0.7079
0.7096
0.7092
0.7100
0.7050
0.7109
0.7117
0.7109
87/8 6n
0.7079
0.7122
0.7083
0.7088
0.7050
0.7084
0.7090
0.7115
Quality
Good
Good
Poor
Good
Good
Good
Good
Good
R4728
R4735
R4744
R4762
0.7089
-141.-
The mean value of the Sr87/Sr86 ratio for these four
samples, 0.7089 + 0.0009, is used in Chapter 6 as the initial
ratio Ro, representing the Sr isotopic composition of the
sea water in which the shales were being deposited.
Due to an oversight in the collecting of samples (no
variation from previously reported isotopic ratios in lime-
stones was anticipated) no limestones from the upper forma-
tions of the Hamilton Group were measured.
The data are suggestive of a possible variation between
individual samples; however due to the unusually poor reprodu-
cibility shown by two pairs of duplicate analyses (R4728
and R4744) considerably more work would be necessary to
establish any such variation.
Following is a comparison of these results with other
superior analyses of Paleozoic limestones from the litera-
ture:
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Table 8.1
Sr Isotopic Composition of Paleozoic Limestones
Material
Limestone,
Texas
Trenton Is.,
Quebec
Madison Is.,
Montana
Ottertail Is.,
B.C.
Limestone,
Iswos, U.S.S
Limestones
N.Y. & Pa.
Mississippian
Ordovician
Mississippian
Cambrian
Ordovician
.R.
Lower Middle
Devonian
Sr87 /Sr86N
0.713
+ 0.003
0.7120
+ 0.0004
0.7117
+ 0.0010
0.7113
+ 0.0003
0.7117
+ 0.0015
0.7089
+ 0.0009
Source
Gast 1960
Powell 1962
P well 1962
0
Powell 1962
Herzog et al.
1958
This work
* Not normalized, Sr8 6/Sr88 data not given.
No ready explanation for the apparently low value of the
Sr8 7/Sr8 6 ratio in these limestones is available. The
value of 0.7089 + 0.0009 were obtained is low compared to the
other measured values for Paleozoic limestones even when
the slight differences in values for the 87/86 ratio of the
Eimer and Armend SrCO3 standard (See Chapter IV) are taken
into account.
The limestone samples measured are all taken from beds
closely associated with the black (Marcellus) facies of the
Hamilton. Black shale facies are normally interpreted as
indicating an environtment of restricted circulation, hence
the probability that the Sr isotopic composition of limestones
associated therewith would reflect locally derived strontium
to a greater extent than would limestones deposited in an
environment of freer circulation and consequently more ef-
ficient mixing of dissolved Sr from many sources. The pos-
sibility that the isotopic composition of sea water strontium
may be subject to local variations has also been suggested
by Faure (1961).
With regard to the source of the dissolved strontium in
the sea water, the close similarity of the Sr87 /Sr8 6 ratio
in these limestones and the value of 0.7078 + 0.0002 measured
by Faure (1961) for basalts is noteworthy. The implication
is that the strontium dissolved in the Hamilton seas had
been derived from rocks which were either very young or very
low in rubidium. If, as suggested in Chapter 6, the clastic
material in the Hamilton rocks was derived from the Lower
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Paleozoic section to the East, one would expect that the
bulk of the dissolved Sr would have the same source. However,
since the 87/86 ratb in the clastics at the time of deposi-
tion was probably in the vicinity of 0.714, it seems unlikely
that even preferential weathering of Rb-poor phases would
yield dissolved Sr with a ratio as low as 0.709. Speculatively,
two alternatives may be proposed:
(a) That young basic volcanics were present in the Taconic
area. during Hamilton time and have since been removed by
erosion. Some volcanic activity is indicated by the
presence of the Tioga Bentonite horizon in the Onondaga
limestone.
(b) That the major part of the dissolved Sr was derived
through weathering of the Gabbro-Anorthosite basement
rocks in the Adirondack region, while the more resistant
material from the Taconic metasediments provided the bulk
of the clastics.
"Common Strontium" Age Method
The use of the strontium isotope ratios in sea water, as
determined by analysis of limestones and other Rb-poor sedi-
ments, as an age indicator, has been proposed by Wickman
(1948) and discussed by Gast (1955 and 1960) and by Herzog
et al. (1958). The conclusion has been that a regular in-
crease through time in the Sr8 7 /Sr8 6 ratio of sea water has
taken place but that sufficient analytical precision to use
this change as an age indicator has not yet been achieved.
The results of this work, indicating that significant varia-
-~ ------ - U- -
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tions of this ratio may take place as a result of differing
conditions of sedimentation, makes successful application
of this method even more unlikely. Although measurements
by Faure (verbal communication) indicate that modern sea
water strontium has an extremely uniform isotopic composi-
tion (0.7130 + 0.0010), all the samples measured were taken
from the open ocean where dissolved strontium from various
sources is probably well mixed. Most limestones, on the
other hand, are believed to have been deposited in epi-
continental seas and shallow embayments, and hence are more
likely to reflect the Sr isotopic composition of exposed rocks
on the surrounding lands and to exhibit local variations.
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Chapter IX
Summary
A. Conclusions
B. Suggestions for future research.
A. Conclusions. The major problem inherent in the determin-
ation of absolute ages from whole-rock argillaceous sediments
is the heterogeneity of the clastic material with regard to
Rb/Sr ratio and Sr isotopic composition. This variability
arises from several factors
(a) Accumulation of clastics from various different
sources. Such variation may result from alternation of
various rivers as the dominant source of supply in the area
of deposition, from varying rates of deposition and the re-
sulting greater or lesser contribution of wind-borne detritus,
or from continued erosion in the source area exposing dif-
ferent rock types.
(b) Sedimentary differentiation by particle size. If two
or more Rb-Sr bearing minerals are persistent under the given
conditions of sedimentation, sedimentary differentiation by
particle size, shape, or density may cause inhomogeneity in
the apparent ages. In the case of argillaceous sediments,
where the dominant Rb bearing phases are diocralmedrai
layer silicates of the Muscovite-illite-mixed layer I/M
family, the various polymorphic forms ( lMd, IM, 2M) may dif-
fer in grain size and apparent age.
(c) Differences introduced by degree of weathering. If,
during the weathering and degradation of a mica (i.e. the
6-147-
stripping -of interlayer alkalis) the radiogenic Sr8 7 is
preferentially removed relative to Rb, the degree of weather-
ing will affect the apparent age of the detritus. Krylov
(1961), however, finds that the effect of weathering on
K/A apparent ages is small.
It is evident therefore that no sedimentary material will
perfectly satisfy the assumption of a clastic component
homogeneous with respect to Rb/Sr ratio and Sr isotopic com-
position. In the results reported for the Hamilton shale,
however, only one sample (R4742) out of twenty showed varia-
tions which could be attributed only to a grossly different
clastic component. Omitting this sample from consideration
permitted the calculation of an age correction by the proposed
model. The fact that the corrected age is in reasonably good
agreement with the expected value may of course be fortuitous,
but the more probable inference in that inhomogeneity in
the detritus is not great enough to seriously affect the
validity of the model.
Considerable uncertainty may be introduced into the model
correction if the amounts of authigenic rubidium (fixed,
adsorbed, or trapped) is small relative to the Rb content of
the detritus, or if the overall strontium content of the
sample is large relative to rubidium. The resulting uncer-
tainty in the empirical estimates of the parameter Sr and
R introduces large errors into the corrected age.
The alternative approach to an age correction, on the
basis of separated size fractions, eliminates the difficulty
caused by inhomogeneous detritus by permitting corrections on
an individual sample basis. It does, however, rely heavily
upon the assumption that apparent age decreases with particle
size. This assumption is questionable on two grounds:
(a) There is no compelling reason to believe that alkali
fixation is more efficient in the finer grain sizes, indeed
available evidence indicates that the reverse may be true.
The observed decrease in potassium-argon age with grain size
may be due largely to the greater probability of Argon loss
from the fines both before and after sedimentation rather
than to a preferential fixation of potassium in the fines;
this effect will be of less importance in the case of
strontium.
(b) Diagenetic processes may give rise to the growth of
coarse authigenic phases containing little or no old radio-
genic strontium and hence tending to reverse the expected
age/size relationship.
In the case of the samples studied, separated coarse
fractions exhibit apparent ages not significantly different
from the ages of the corresponding whole rocks. It is there-
fore concluded that in the particular situation tested, the
former approach to an age correction is to be preferred.
It may be clearly seen from the above that whatever approach
is taken, absolute age determinations on sediments involve
numerous cumbersome assumptions which are difficult to justify
even for individual sedimentary units, and which are obviously
untenable in the general case. Therefore any ages so derived
must be viewed with considerable caution. The possibility of
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obtaining geochronological data from sediments on a level
of reliability comparable to that commonly achieved with
igneous rocks and minerals appears remote. Certain excep-
tions will be discussed in the following section.
B. Suggestions for Future Research
1. Modified procedure for use of model. Future applica-
tions of whole-rock Rb/Sr age measurement techniques to
argillaceous sediments should include the following modifica-
tions:
1. Restriction of sampling to a much narrower geo-
graphic and stratigraphic range, to further reduce the pro-
bability of multiple provenances of clastic material. For
the same purpose, sediments which show evidence of very slow
deposition with consequent probability of contamination with
wind-borne detritus, should be avoided.
2. Within the above restrictions, as wide as possible
a variation of sedimentary conditions should be represented,
since use of the model depends upon variations in the amount
of fixed rubidium. If samples of fresh or brackish water
origin are available, these would be especially valuable.
3'. Improvement of the procedure for estimating the
model parameters, i.e. amount and isotopic composition of
inherited strontium.A suggested method is as follows:
(a) Take several samples of whole-rock shale, di-
saggregate, and leach with weak acid to remove strontium in
carbonate phases and Sr held in exchange positions on clay
particles.
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(b) Determine the amount of Sr in the leaching
solution.
(c) Assume that this strontium has an isotopic
composition equal to that of measured limestones, and re-
calculate the Rb/Sr ratio and strontium isotopic composition
of the whole-rock sample with the adsorbed and carbonate
Sr removed. Alternatively, the ratio and composition of the
leached material could be determined directly, although
this latter procedure ignores the possibility of leakage of
radiogenic Sr from the clay particles during diagenesis.
(d) Plot the recalculated values.and obtain an
estimate of D'B' (cf. Fig. 2.3) directly.
The above method, insofar as it involves the removal of
authigenic strontium but not of authigenic fixed rubidium,
may also be used to obtain an age directly, since ideally
the slope of D'B' is that of the true isochron.
2. Direct Whole-rock It should be noted that the
error in apparent age introduced by the presence of inherited
radiogenic strontium in whole rock samples becomes of consider-
ably less importance percentagewise in very old rocks; a
50-million year error such as found for the Hamilton shales
would be relatively unimportant in the case of a two billion
year old rock. In addition, the absolute error would tend to
be smaller in older rocks due to the smaller probability
that clastic material would be derived from a Lerrain very
old relative to the time of sedimentation. The author has
observed several instances of associated argillites and
limestones, only slightly metamorphosed, in the "greenstone
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belts" of the Canadian Shield. The possibility of obtaining
reliable estimates of absolute age on very old sediments by
the whole-rock rubidium/strontium method, with or without
correction, appears very good.
3. Shales Associated with Evaporites. The problem raised
by contamination with old radiogenic strontium may also be
in part circumvented by the use of samples known by other
criteria to have a clay mineral suite of dominantly authi-
genic nature. One particularly promising possibility is
shale beds associated with evaporite deposits; prolonged con-
tact with concentrated brines should favor the reconstructive
authigetesi of clays. The clay mineral assemblage associat-
ed with hypersaline environments is almost always illite-
chlorite; according to Millot (1953)
"Le mdcanisme de L'Heritage parait 'a expliquer un prdnomene
aussi g4neral portant sur les telles etendues. On ne voit pas
pourquoi cet Heritage serait d'une seule nature et il faut
faire intervenir la Ndoformation de rdseau micace en milieu
basique pour aboutir A le seul type mineralogique dans les
depots." (Millot, 1953 pg. 172)
Evaporite -associated shales should therefore be investi-
gated as a possible source of whole-rock Rb/Sr ages; results
would still be simply maximum ages, although the margin of
error should be substantially reduced.
4. Limestones. Further determinations of Sr isotopic com-
positions of limestones would also be of considerable interest.
The anomalous value for the limestones should be investigated
further to determine whether the low ratio persists upward
or downward in the section or whether it is confined to the
Black-shale environment.
Local variations in isotopic composition within a given
horizon, if such could be found by refined analytic techniques,
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might provide interesting information with-respect to sources
of dissolved materials in ancient seas.
r-~rimur--
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Chapter X
Sample Descriptions
Samples 4727-4762 collected by the author,
October 1961.
R4727 Bakoven (Marcellus) shale. Immediately over-
lying Onondaga limestone in outcrop in bed of
Kaaters Kill at bridge on Rte 23A, 4 mi. SW of
Catskill Village, New York. Calcareous black shale.
R4727A Ditto, noncalcareous and highly fissile.
R4728 Massive gray Onondaga limestone, same location
as above.
R4729 Kiskatom shale. Fine grained red shale, noncal-
careous. Kaaters Kill at Hillyer Ravine. 12 mi.
SW of Catskill Village, N. Y.
R4732 Union Springs (Marcellus) shale. Black, fissile,
highly calcareous. Road cut on US 20 at Cherry
Valley turnoff, 4 mi. W of Sharon Springs, N. Y.
R4734 Chittenango (Marcellus) shale. Black, fissile,
slightly calcareous. From base of thick section
overlying Cherry Valley limestone and Union Springs
shale. Same location as R4732.
R4735 Cherry Valley limestone. Dark gray, massive lime-
stone. Same location as R4732, 34.
R4739 Chittenango (Marcellus) shale. Black, fissile,
noncalcareous. Roadcut on Cedarvale Channel Road
SE of Marcellus, New York.
R4740 Chittenango (Marcellus) shale. Black, massive,
somewhat silty. Same location as R4739.
R4741 Moscow shale. Gray, fine grained, non-calcareous.
Roadcut on Rte. 41, 1 mile S of Borodino, New York.
R4742 Oatka Creek (Marcellus) shale. Massive, black,
petroliferous shale. Noncalcareous, considerable
pyrite. Under Main St. Bridge, Leroy, New York.
R4743 Ditto. Chocolate brown, calcareous, highly fossili-
ferous.
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R4744 Stafford limestone. Massive gray limestone over-
lying Oatka Creek shale. Same locality as R4742, 43.
R4749A Windom (Moscow) shale. Blue-gray, slightly cal-
careous. Outcrop in bed of NE - flowing creek,
NE of Highway 63 1 mi. S of intersection with
US 20, Pavileon, N. Y.
R4749B Ditto. Highly calcareous.
R4749C Ditto. Noncalcareous.
R4755 Hamilton (Moscow ?) shale. Buff-colored, noncal-
careous. Roadcut on US 22 3 mi. NW of
Amity Hall, Pa.
R4760 Marcellus shale. Black, fissile, non-calcareous.
Immediately overlying Onondaga limestone in old
quarry NE of US 22, 4 mi. NW of Amity Hall, Pa.
R4762 Onondaga limestone. Black, massive limestone
with white calcite veins. Same location as R4760.
R4916 Marcellus shale. Massive, gray, silty and fossili-
ferous. Stroudsburg, Pa. Specimen from Harvard
paleontology collection, donated by Prof. H. B.
Whittington.
R4917 Marcellus shale. ("lower Marcellus"). Black,
petroliferous. Avon, New York. M.I.T. Sedimenta-
tion Collection #S8-17.
R4918 Moscow shale. Blue gray, calcareous, fossiliferous.
18-mile Creek, New York. Specimen from Harvard
paleontology collection donated by Prof. H. B.
Whittington.
R4921 Hamilton (Marcellus?) shale. Dark gray, very
slightly calcareous. Drill cuttings about 50'
above base of Hamilton. Georges twp., Fayette
Co., Pa. Donated by Richard R. Conlin, Pa.
Geologic Survey.
R4997 Bakoven (Marcellus) shale. Onesquethaw Creek
section, near J.B. Thacher Park, New York. Dark
gray, somewhat calcareous. M.I.T. sedimentation
collection #S8-123.
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D4727
D4732 +5L size fractions from whole-rock samples with
D474 corresponding numbers.
Chattanooga Shale Samples. Core from #1 Leslie Norton,
Ferguson & Bosworth. Rockcastle Co., Ky. Con-
tributed by Mr. Preston McGrain, Kentucky
Geological Survey.
Ohio-Chattanooga shale from 970' to 1071' in core.
R4902 Gray-green shale, noncalcareous, some pyrite. 1050'.
R4904 Black shale. Slightly calcareous. 1057'.
R4905 Dolomite. 1061'.
R4906 Black shale, calcareous, pyritic, finely banded.
1062'.
R4912 Black shale, noncalcareous, micaceous. 977'.
Note: Of the samples collected by the author, the correla-
tions for Pennsylvania are from Willard (1939), and the
correlations for New York are from Cooper (1930),Smith
(1935), Chadwick (1944) and Sutton (1951).
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